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SECTION I

INTRODUCTION

As operating speeds of turbine engine bearings have increased (>2 million DN),

manufacturing tolerances required for the production of reliable roller bear-

ings have become increasingly tighter. At present, a stage has been reached

where tolerances are such that their reliable measurement is difficult and

often time consuming. There is a need for improvement in both the accuracy

and speed of roller inspection techniques to insure both reliable and cost

effective production. To satisfy this need, a technique is being developed

which will allow automated, or at least semi-automated, inspection of rollers

and, at the same time, increase the reliability and accuracy of the measure-

ments being made.

Prior to the inception of the program reported herein, a state-of-the-art

survey was conducted by others under Air Force Contract F33615-76-C-2147 to

ascertain what precision measurement techniques and equipment were available.

The objective of this program was to utilize the results of the survey as a

basis for developing a design and constructing a breadboard model of an ad-

vanced roller inspection system employing non-contacting sensors. The final

breadboard models have been shown to be capable of reliably measuring the

tolerances presently required in roller inspection as well as the potential

of meeting possible future tightening of these tolerances.

This program, aimed at the development of measuring techniques for automating

the inspection of bearing rollers, consists of the following five tasks.

" Task I - Laboratory Evaluation

In this task the measurement sensors and roller support devices

were evaluated to establish the best candidates for development

into the full scale inspection system.

" Task II - Breadboard Design Development

Using the conclusions of the laboratory evaluation performed in

Task I, a detailed design for a breadboard inspection system was

developed in this task. This design was used for the construction

of a breadboard system.



0 Task III - Construction of Breadboard System

Using the detailed design approved in Task II, construction of a

breadboard inspection system was the effort in Task III.

* Task IV - Breadboard Capability Demonstration

In this task, the capability of the breadboard system was demon-

strated. The demonstration included testing which exhibited the

precision, reliability and adaptability of the system to measur-

ing rollers in sizes ranging from 5 mm to 25 mm. Tolerances com-

parable to those found in use for a high speed (>2.0 million DN)

mainshaft bearing design at the time of the demonstration were

used as criteria for evaluating the system capability.

* Task V - Prototype Design Specification

Upon completion of the testing of the breadboard inspection system,

a design for a prototype inspection system for use in an actual

shop environment was developed. This design included all the

basic details necessary to construct a prototype system, but does

not include actual final machine drawings from which such a system

could be constructed. In the development of this prototype design,

equal emphasis was given to the minimum production costs and the

attainment of performance goals.

The results of this program indicated that a successful inspection system can

be developed around non-contacting sensors and that automation to a degree

commensurate with industry requirements can be designed.
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SECTION II

SUMMARY

The work performed under this contract is described in this report and is

broken down into the following four sections:

* Laboratory evaluation of sensors and gaging techniques

* Description of the breadboard gage design

e Evaluation of the breadboard gages

e Design of a prototype automatic gage system

1. Laboratory Evaluation

The laboratory evaluation of position sensors, fully described in the proximity

probe evaluation section of this report, investigated both inductive and

capacitance-type probes for possible use in an automatic roller gaging system.

The conclusion derived from the probe study was that sufficient sensitivity,

coupled with the small probe size, could only be met by the capacitance-type

probe. The capacitance probe, providing a sensitivity of 1.335 x 10 inch/volt

as compared to the inductive probe sensitivity of 2.056 x 10- 2 inch/volt,

also had a linearity nearly an order of magnitude better.

A second study performed during the laboratory evaluation was the investigation

of an optical system suitable for making roller contour measurements. The op-

tical sensor system section of this report describes the optical system selected

for study, and demonstrates the acceptability of the line scan camera employing

a linear array of miniature photo diodes as the primary sensor. This section

also describes the lens system requirement necessary to make the camera sen-

sitivity high enough to produce acceptable contour measurements. The evaluation

results have a demonstrated sensitivity of 369 x 10-6 inch/count and show a

simple method of increasing the sensitivity to 37 x 10-6 inch/count.

The last topic covered in the laboratory evaluation, a comparison of roller

support fixtures directed toward the selection of the most suitable design for

inclusion in an automated gage, is found in the roller support evaluation section

of this report. Three support methods were examined and their use statistically

evaluated. It was concluded from this study that a 900 "V" block was the most

suitable.



2. Breadboard Gage Design

The pertinent information obtained during the laboratory evaluation was incor-

porated in the breadboard gage designs described in Section IV of this report.

In the capacitance probe design section, the design of the actual capacitance

probe to be used in the gages is described; the probe's overall diameter was

established at 0.100 in., and had a sensitivity of 1600 volts/inch (6.25 x 10-4

inch/volt).

At the conclusion of the design phase, construction of the gages was initiated

and with its completion, evaluation of the gages was begun. To assure stability

of the gages, they were mounted o.- a large granite surface plate weighing 2000 lb.

Subsections 2 through 4 of Section IV describe the various gage configurations.

3. Breadboard Evaluation

Each breadboard gage module was evaluated to determine whether it could, in fact,

adequately inspect aircraft turbine engine quality bearing rollers. The evalua-

tion was based on the approved test plan found in Appendix C. The initial sub-

task of the test plan required that a function check be made of the breadboard

gages in which the performance of each module was evaluated with respect to

roller handling and manipulation. Report subsections 1 and 2 of Section V de-

scribe the methods and results of the evaluation, with 1 providing the results

of the functional evaluation and 2 the accuracy and repeatability checks of all

the modules.

4. Prototype Automatic Gage Design

The successful completion of the breadboard evaluation permitted the design of

a prototype automatic gage to proceed. A description of the prototype gage design

is found in report section VI. Included as part of the prototype design was a

cost-effectiveness evaluation of the inspection process to determine the extent

of complexity which should be designed into the gage. The results of this study

are found in subsection 1 of section VI. It is concluded that two separate gage
modules, one for measuring size and one for measuring contour, would be most
appropriate. The remainder of section VI describes ti. two modules and the

electronics required to make them function.

4



SECTION III

LABORATORY EVALUATION

The inital task of this program was to perform a laboratory evaluation of

several inspection techniques to determine which would be the best candidate

for development into a full-scale inspection system. The evaluation of the

candidate techniques leading to the final recommendation was made on the

basis of the following criteria:

9 System ability to reliably measure the necessary tolerances

* System ability to operate in a production environment

* System cost effectiveness when fully developed as compared to

existing systems

* System ability to be automated to a level commensurate with

expected production levels

e System adaptability to different roller sizes and configurations

e System required development and cost

* System ability to be operated and maintained by semi-skilled

technicians.

The results of the laboratory evaluation will be a ranking of the investigated

systems with regard to the list of criteria. The selected topics for evalua-

tion will be:

e Proximity probes, inductive and capacitive

9 Optical system employing a line scan camera

e Roller support method.

1. Review of Measurement Requirements

The current employment of very high-speed roller bearings demands the precise

manufacturing of the bearing's rollers in order to minimize dynamic forces and

avoid damage or even failure. To assure that finished rollers meet the pre-

cision demanded, an extensive roller inspection procedure has been established

by bearing manufacturers. With the use of a variety of standard gaging systems,

each roller is inspected to determine compliance with drawing requirements.

With respect to a typical jet engine main shaft roller bearing, the fourteen

5
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established dimensions and minimum tolerances are those listed in Table 1.

Figure 1 illustrates the location of a roller to which each tolerance refers.

Several roller tolerances which are not specifically mentioned in Table 1 must

be included in the measurement system design. As an example, the tolerances

listed for the cylindrical portion of a roller include a complement diameter

variation (0.000025 inch), a 2-point out of roundness (0.000010 inch), a

cylindricity (0.000050 inch) and an OD taper (0.000010 inch). Nowhere is the

actual diametral size tolerance mentioned. The importance of this exclusion

lies in the design of proximity probes for measuring the roller diameter.

These probes must provide a measurement accuracy of a few microinches with a

range which must extend over the entire envelope of a particular roller nom-

inal diameter tolerance.

The last two characteristics listed in Table 1 cannot be measured by means

easily adapted for automation and are, therefore, left to be performed by

current practice.

2. Proximity Probe Evaluation

Non-contacting displacement and vibration measurement is developing an in-

creasingly wide range of applications beyond its perhaps traditional key usage

by development and testing laboratories. As production gaging demands even

greater throughput rates, inspection and classification equipment must be

more maintenance-free and offer greater stability of calibration. Tip wear

of contacting instrumentation may impose an intolerable situation in this re-

gard along with the effect of the contact on the item being measured.

Several types of non-contacting position sensing instrument systems

which may be considered suitable for the inspection system are available

commercially. Descriptions of the more common types are presented in the

following sections.

Proximity Probes: Inductive Type

e Eddy Current Proximity Probes - The principle of the inductive

proximity sensor (eddy-current type) is shown in Figure 2. This

6



TABLE 1

Main Shaft Bearing - Tolerance

Characteristic Minimum Tolerance (Presently Known)

Diameter .000025" Variation/Complement

.000010" 2-point O/R

Length .0002" Variation/Complement

Crown Drop .0001"

Crown Runout .000050" FIR

End Parallel .000050"

End Runout .000050" FIR

Corner Breakout .0005"

Corner Runout .0005" FIR

Flat Length .039"

Flat Centrality .030" True Pos.

O.D. Taper .000010"

-. 1., . . ....- .. 7 .77
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Fig. 2 Principle of Inductive Proximity Sensor
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sensor consists of a coil powered with alternating current re-

sulting in an alternating magnetic field around the probe. If

a conducting (nonmamnetic) surface is brought near the coil,

the relationship between E and 1 changes. This change is the

result of alternating currents (eddy currents) generated in the

target by the external field of the probe. The eddy currents,

in turn, generate a magnetic field which opposes that of the

coil.

The opposing effect of the eddy current's field causes the total

field inside the target to become weaker with increasing distance

from the surface. The depth at which the intensity is reduced

about 60 percent below that on the surface is defined as the

depth of penetration.

The effect of the target is to reduce the inductance (L) and to

increase the AC series resistance (R).

Three factors which determine the depth of penetration are the

electrical conductivity (P) and magnetic permeability (p) of

the target material and the frequency (f) of the AC field.

These three factors are all of equal importance as is shown

by the formulas and graphs in Figure 3.

At a given operating frequency, the depth of penetration can

vary two decades between the nonmagnetic resistive material

targets and magnetic targets. Figure 3 can oe used as a guide

in selecting a usable combination of target material, probe

envelope material, and operating frequency.

e Magnetic-Reluctance Probe - The principle of this probe is

illustrated in Figure 4. The field generated by the alternat-

ing current through the coil causes the generation of magnetic

flux in the ferro-magnetic core. The flux density when a core

is present may be approximately two to three decades higher than

without a core.

10
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The generated flux passes from the core through the air gap

back into the core with the air gap constituting the major

portion of the probe's magnetic reluctance. The typical in-

crease in probe inductance when placing a ferro-magnetic

target in contact with the probe is 50 to 100 percent.

The effect of a nonmagnetic target on this probe (Figure 4)

is similar to that on the probe in Figure 2. That is, a non-

magnetic target causes a decrease in inductance (L) and an

increase in the AC series resistance of the probe with the

core. When operated with a nonmagnetic target, the probe

with a core is an eddy-current probe. When operated with a

magnetic target, it is a magnetic-reluctance probe.

Miniaturization of the inductance probe presents no serious obstacle for its

use. A photograph of a bi-directional eddy-current probe which was built by

MTI as part of a servo positioning loop (shaft positioning) is shown in

Figure 5.

A significant and overruling drawback for the use of inductive proximity

probes is that, in a,1 cases, their output is affected by subsurface material

properties not related to the geometry of the target surface. A hardened

steel roller will not be homogeneous enough from both a material and stress

viewpoint to permit the inductive probe to deliver sufficiently accurate and

sensitive low noise signals. For this reason, the uae of inductive type

probes is not expected to be satisfactory for use on the proposed inspection

effort.

Proximity Probes: Capacitance Type

The electrical capacitance formed between a sensing probe and the test object

(target) is used by the measuring electronic instrument to which the probe is

connected as a measure of the probe-to-target displacement, based on the well-

known relationship for the parallel-plate capacitor:

CLD

13



Fig. 5 miniature Inductance ProximitY Probe
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where:

C - Capacitance

A - Area of plate

D - Distance between the (parallel) plates

K - Constant (dielectric constant of medium between the plates and

proportionality factor for units of measurements).

The electronic instrument converts the change in capacitance into an appro-

priate analog signal which is available for display, recording or computation.

If the target vibrates with respect to the probe, the corresponding change in

capacitance can also be interpreted by an appropriate electronic instrument

in terms of peak-to-peak vibration amplitude.

This capacitive method of non-contacting displacement and vibration measure-

ment requires that the target material be electrically conductive. Also, the

dielectric medium in the gap between the probe and the target must be of a

dielectric constant which does not vary with time, temperature, or mechanical

stress in order to maintain K - constant in the basic equation.

A particularly useful feature of the capacitive method is that the measurement

is unaffected by the presence of magnetic fields or by any transverse motion

between probe and target. Thus the method is not limited to stationary or

nonmagnetic targets.

Full-scale ranges of measurement typically lie between 1.0 mil (0.001 inch)

and 0.5 inch. This displacement range is covered by a number of probes, each

of which is designed to give full-scale output of the measuring instrument

for the maximum design range of the probe (a probe-to-target capacitance of

0.35 pf at full scale). For example, a "10-mil probe" allows the electronics

to give full output at a displacement of 10 mils; a "500-mil" probe gives full

rated output at 500 mils.

When the probes are combined with appropriate electronics, the following can

be used as a guide of typical capability:

15



o Measurements can be made over the range of one percent of full

scale to 100 percent of full scale

o Resolution of one part in 50,000

o Accuracy is a direct function of calibration accuracy

Capacitance probes, of the type considered for the automated gaging system,

are designed primarily for operation with the type of electronics in which

the probe-to-target capacitance acts as the negative feed-back path around a

high gain amplifier as in the Wayne Kerr System*.

Figure 6 illustrates construction of a typical capacitive sensing probe. For

the majority of applications, cylindrical probe geometries are employed. How-

ever, in cases involving nonplanar targets, rectangular- and contoured-face

plate geometries have been supplied in order to obtain a more optimum match

of probe/target areas and greater field uniformity.

Probe length is relatively independent of range and is determined primarily

by the constraints imposed by the mechanical fabrication and assembly of the

probe parts, including the electrical coaxial cable connection.

The size of the measuring electrode "plate" (center element) of the probe-to-

target capacitance can be very small for probes designed for high gain elec-

tronics like the Wayne Kerr since, at maximum probe displacement, the capacitance

value is only 0.35 pico-farad; a very small value when compared to the value

required in other methods of capacitive sensing. The area of the sensing

tip establishes the capacitance of the probe for a given offset (probe gap).

The smaller the tip size, the greater the sensitivity. The sensing tip,

however, will integrate all the irregularities within its projected area to

arrive at a nominal gap. In areas where a nonparallel condition exists,

the probe will provide a dimension reading representative of the gap under

its axial centerline.

*Wayne Kerr Co. Limited, Surrey, England
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Co-axial Connector

Hexagonal Nut

Fringe Guard
(Electrically connected to
co-ax cable shield; do not

ground) I
/ r~ ii / 5Epoxy

Mounting Sleeve
(Electrically tied to test
structure; may be grounded)

Center Button
(Measuring "plate" of probe-to-
target capacitor; electrically
connected to center conductor

of co-ax)

793064

Fig. 6 Construction of a Typical Capacitive Sensing Probe
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The center button diameter, however, is usually not the limiting consideration

for minimum overall probe diameter. If the field between the probe center

button and the target is to be uniform, a fringe guard must be designed to

eliminate any fringing effects. As is illustrated in Figure 7, the function

of the fringe guard is to keep the field under the center button uniform while

allowing fringing only at the end of the fringe guard where its effect does

not enter into the measurement. Fringe guard diameters, designed for use

with the Wayne Kerr electronics, are known to hold linearity to within one

percent over the operating range of the probe. The fringe guard is driven by

the electronics so as to maintain a zero potential between it and the center

button. The fringe guard, thereby, serves the dual function of neutralizing

stray capacitance to the center conductor and of eliminating field fringing

at the edge of the center button. The minimum combined sensing tip and fringe

guard diameter as a functiou of probe sensitivity is shown in Figure 8.

The mounting sleeve, made of stainless steel like the other metallic parts of

the probe, is required for mechanical support and integrity of the probe

structure. It is normally connected electrically to ground potential along

with the structure under test and the chassis of the electronics. Its wall

thickness and, hence, its contribution to outside probe diameter depend only

on mechanical considerations.

A design trade-off exists between probe range, linearity, and probe outside

diameter. For a desired increase in range for a given probe, linearity will

decrease, or, if linearity is to remain constant, the probe outer diameter

must be increased. Conversely, probe outer diameter can be decreased if

either (or both) range and linearity are reduced.

This trade-off situation has very practical significance in areas where min-

imum probe tip diameter is a critical requirement. For a given displacement

range (sensitivity), a special probe could have a smaller than optimum fringe

guard diameter; the resulting increase in nonlinearity can then be handled by

calibrating the system and working with the resulting applicable calibration

curve. Furthermore, linearity is also affected by departures in probe-to-

cargec geometry from the case of the infinite coplannar target. If, for

example, the probe facc is not parallel to the target or if the target area

18



Center Button

Fringe Cuard

7 /,,/ /

Target
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Area with Fringe Guard Measuring Area Without
Fringe Guard

Fig. 7 Effect of Fringe Guard Field Uniformity

793063
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is less than that given by the probe's fringe guard diameter, both measurement

sensitivity and linearity suffer and special calibration may be required.

Maintaining system linearity allows for direct readout and use of the con-

venient self-calibration feature of the Wayne Kerr electronics. However, in

special cases, the user has the option by trading off linearity to modify

system performance and obtain a better match for his application require-

ments. Special probe designs can be obtained to meet special requirements of

range, linearity, and target geometry required for the automatic gaging sys-

tem. Figure 9 shows a photograph of special 0.0014 in. range probe recently

constructed for a bearing metrology program.

Proximity Probe Evaluation Results

Three non-contacting sensors were evaluated for sensitivity and linearity.

The three sensors investigated were:

* A commercial capacitance probe, MTI's Boice Division Model CP-l

for use in the Wayne Kerr system

e A special purpose capacitance probe, CP-lX for use in the Wayne

Kerr system, built under Air Force Contract F33615-77-C-3100.

(Figure 9)

* A commercial eddy current probe, Bently Nevada Model 190F.

The capacitance probes designed for use with the Wayne-Kerr system were

mounted in a fixture suitable for attachment to a precision micrometer.

Figure 10 shows the set-up for this evaluation.

Three sets of calibration data for each probe, using the precision micrometer,

were taken over at least the mid-80 percent of the probe range. Reduction of

the calibration data shows the probes linearity and the actual sensitivity of

the sensor.

As a complement to the capacitance proximity probe evaluation, a commercially

available inductance proximity probe of the eddy current type was also eval-

uated. This evaluation was performed in parallel with that of the capacitance

proximity probe and the results are directly comparable.

For reference the three probes studied had the dimensions listed in Table 2.
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TABLE 2

Proximity Probe Used in Evaluation

Sensing Secondary Overall
Probe Tip Diameter Shield Diameter Diameter

Capacitance CP-l 0.041 in. 0.188 0.250

Capacitance CP-lX 0.051 0.063 0.250

Eddy Current 190F 0.190 0.250

The data for each of the three probe calibrations are presented in Tables 3,

4, and 5. Table 3 shows the CP-l probe data, Table 4, the CP-lX probe data

and Table 5, the eddy current probe data.

The resulting calibrations, based on both a linear and second order polynomial

curve fit calculation,are shown in Tables 6, 7, and 8 and summarized in Table 9.

The calibration results show that sufficient sensitivity is available from

either capacitance probe to sucessfully measure the roller characteristics

listed on Table 1. As an example, the CP-lX capacitance probe showing a

linear calibration sensitivity of 1.335 x 10- 3 inch/volt, when installed in

a system capable of discerning 1.0 x 10 volts, will register readings down
-7to 1.335 x 10 inch; almost two orders of magnitude smaller than the minimum

tolerance listed for high DN bearing rollers.

Conversely, the eddy current probe used with the same readout system would

only register 2.056x 10- 6 inch, which is not sufficiently accurate for the

precise measurement requirements mentioned previously.

In addition, the linearity of the capacitance probes is significantly better

than the eddy current probe. This is evident by the lower dimensions listed

in the'jariatioe'columns for the capacitance probes, than for the eddy current

probes (Tables 6, 7, and 8) (less than 10 x 10-6 in. as compared to approxi-

mately 100 x 10- 6 in.).
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TABLE 3

Calibration Data CP-1 Capacitance Probe

DISTANCE AMPLITUDE AMPLITUDE AMPLITUnE
RELAIIVE MFASURED MEASURED MEASURED MEASUPED
(INCWES) (INCHES) (VOLTS) (VOLTS) (VOLTS)
0.000000 0.000000 92011 o2013 e20A5
.000020 .000020 .218O .2308 s2150
.000040 0000040 .2439 92487 ,2451
*000060 .000060 o2708 ,2753 ,267c
.000080 o000080 .2896 o30R6 .2901
,000100 .000100 93129 o3258 ,3136
.000120 .000120 ,3367 .3498 ,33A3
.000140 .000140 .3645 .3758 .3643
.000160 .000160 o3847 93988 38c;
.000180 .000180 .4102 .4149 o4091
.000200 o000200 o4368 94389 .4345
,000?20 .000220 94595 o4628 .4579
.000240 0000240 .4819 .4890 .4P6
.000260 .000260 .51?2 .5089 .SM4
.000280 .000280 .5277 65291 *5235
.000300 .000300 954Q5 .5538 ,54A1
.000320 .000320 .5779 ,57R5 .5741
.000340 .000340 .60n6 .6036 5933
.000360 .000360 ,62?4 .6219 o6266
.000380 .000380 .6444 o6437 .6413
0000400 .000400 o6639 o6679 o66Qc
.000420 o000420 o6807 o69Q6 o6845
.000440 .000440 o7095 e7122 ,7062
9000460 .000460 .7209 .7368 ,7234
.000480 .000480 ,7569 o7512 e7533
.000500 .000500 .7685 s7806 o7697
,000520 .006S20 .79F7 97933 o7967
,000540 .000540 o8214 o8145 o82?1
,000560 .000560 .8360 .8405 .8363
.000580 .000580 eP593 ,8602 .8590
,000600 .000600 .88?2 .8810 .8813
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TABLE 4

Calibration Data CP-lX Capacitance Probe

DISIAMCF AMPLITUDE AmPI.TT'IDE h'4PLITUDE
PFLATIVF MEASIj9F0 MEASUPED mEASLIPFD MEASuRED
(INCHES) (INCHES) (VOLTS) (Vnl-T S) (VOLTS)
0.000000 0.000000 a.toqQ *AO94 RA
.000100 .0onjIO .74-]Q o73.IP *7379
.00n200 .000p00 .6687 .6EAo? o63
1000300 .OOn3OO ~ 997 .S94D . 949
.0n0400 .001400 e5237 95?03 05203
.00n500 .000500o o44QR .4466 94470

*060 .000600 93747 .3699 e3724
.000700 .000700 o296R e2931 24
.o0'i800 .0On0 0 02180 .2151 e2157
.000900 ao0o0 .1356 o1309 l?
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TABLE 5

Calibration Data Eddy Current Probe

nTSTANCE AMPLITIJDE AMPLTTjFlV AMPLTTIMIf
RELATVF I-FASLIRF) MEASURFO MEASURPF MEASU EO
(INCHES) (TNCHES) (VOLTS) (VOLTS) (VOLTS)
0.000000 .160000 7.902 7.90R 7.905
.001000 .161000 7.949 7.954 7.951
.002000 .162000 7,996 8.Ons 7.997
9003000 .163000 8.042 8.046 8.043
.004000 .164000 8.RA 8,093 8,090
.005000 .165000 8.135 8.140 8.136
9006000 9166000 8.180 8.186 8.193
.007000 .167000 8.2?A 8.233 8,231
.008000 .168000 8.276 8,280 8,277
*009000 .169000 8.3?2 8,328 8.3?4
010000 .170000 8.370 8.374 8,371
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TABLE 6

Probe Calibration Least Square Fit

PNO032

CDC 6600

CP-1 Capacitance Probe-Average

STATIC CALTqRATION QESIJLTS .00O878 INCHFS/VOLT

DISTANCE AMPLITUDE VARIATION
RELATIVF M ASIJPFO MEASURED MEASURED-FITTEO
(INCHES) (INCHES) (VOLTS) (VOLTS) (INCHES)
0.00n000 0.000600 .2010 -.00S34 .000005
.00020 .00on20 .2213 -. 00782 .000007
.000040 .OOnO0 O .2459 -. 00599 .00000s
.OOOoA .00060 .2712 -. 00346 .000003

.0on080 .000080 *29AI -. 00134 .000001

.000100 .000100 .3174 -. 00281 .000002

.000120 .006120 .3413 -. 00169 .000001

.00n040 .000j40 .3682 .00244 L.000002

.006160 .000160 .3899 .00127 L.000001

.000180 .O0180 .4114 .00009 :.000000

.000200 .000200 .43A7 .00262 :.000002

.000720 .000220 .4601 .00324 ;.000003

.000240 .006240 .4838 .00417 L.000004

.000260 .000260 .516S .00810 -. O00007

.00n2AO .00 ,30 .5268 .00162 L.000001

.006300 .000300 .5498 .00185 -. 000002

.000320 .00n320 .5768 .00607 L.000005

.000340 .000340 ,S992 00570 .00o00

.006360 .006360 .6236 .00733 -. 000006

.000380 .006380 .6431 .00405 -. 000004

.000400 .006400 .6671 .00528 L.000005

.OOM420 .006420 .6AA3 .04370 -.000003

.000440 .000440 .7093 .00193 -. 000002

,00M460 .006460 .7270 -. 00314 .000003
.006410 .000480 .753%1 .00048 -. 000001"
.000500 .00500 .7729 -. 00279 .000002
.000520 .606S20 .7962 -. 002726 .000002
.00O540 .00S40 q813 -. 00194 .000002
.000560 .000560 .8376 -. 00641 .000006

.000580 .000580 .8s5s -. 00729 .000006

.0on600 .000600 .881s -. 00806 .000007

CAL18PATION RESULTS .000478 INCNES/VnLT
VARIATION 0 OR - .000067

EQUATION OF CURVE

X - 6fSTANCE
V m VOLTAGE

x -.o001S6 I nllpl v * 00 q 98 vo*2
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TABLE 7

Probe Calibration

Least Square Fit

PN0032

CDC 6600

CP-lX Capacitance Probe-Average

STATIC CAt.IRRATIOP'I DFSULT4 -. 001316 11'CHFS/VOLT

nISTAKICE AMP[ I TIJOF VAOIAT ION
PELATIVP MFASIjPE UEASII CASZJO0-FITTEO

(INC4Er) (INCHES) (VOLTS) (VOLTS) (INCI-ES)
0.000000 n.00oo0n Afn04 -.01718 :.000010
.000100 .0o0loo .73Q3 -. 00242 -. 000003
.00n200 .006200 .6671 .00024 .00000
.00n300 00O300 .5952 .00319 .00nn04
.001400 .00n400 .5218 .10465 .000006
.00on00 ,00n500 ,4478 .01531 .00O007
.001600 .000600 .3773 .004A7 .000006
.00700 .0.7 p94q .00232 .000003
.0On8o0 .ofnAO0 .2163 -. 00142 -. 000002
.006900 .OONqO0 1331 -. 00916 -. 000013

CALIqRATTON RESULTS -. 001135 INC4ES/VnLT
VARIATION # OR - .000t08

FOUATION OF CIJPVE

: DISTANCE
Y : VOL.TAGE

X o001062 * .014Y * -.00fliS9 Y-*2

DISTANCE AUPLITUOE SLOPE
(INCHES) (VOLTS) (INCHES/VMLT) NOOMALI7En
0.nnon pmnq4 -. 001442 l.n@0922
.0not0o .73q3 -. 001420 1.064067
.0002o00 .6A71 -. 001397 1.n44810
.000300 .59S2 -.001374 1.nq625
.000400 .5218 -. 0013SI 1.012082
.O00o0 .. 78 -. 001327 .qQ43qS

.000600 .3723 -. 001303 .976350

.000700 .2q49 -. 0127Q 8 . S0

.000A00 .2163 -.001253 .Q3906'

.00090 .1331 -.0n1227 .919178
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TABLE 8

Probe Calibration

Least Square Fit

PN0032

CDC 6600

Eddy Current Probe-Averages

STATIC CALIBRATION RESULTS .026739 INCHFS/VOLT

DISTANCE - AMPLOTUDE VARIAiiON
RELATIVE MEASURED MEASUiEO MEASUREO-FTTTED
(INCHES) (iNtHES) (VOLTS) (VOLTS) .(INCHES)

0.000000 0.000000 7.90O .01655 -.000302
.001000 .ooio00 7.9Si0 .01233 -. 000256
.002000 .002000 7.9360 -. 05089 *.0010. 5
.003000 .003000 8.044'0 .008a9 -. 000184
.004000 .004000 8.3720 .00647 L.000138
,00s000 ,00s000 8.1370 .0054S 7.000113

.006000 .006000 S,|830 .00324 -. 000067

.007000 .007000 a.23i0 .00302 -,000063

.008000 .008000 802780 .00180 -.,000037

.0090ooo .009oo 6.3260 -'.00442 .000092
oioooo0 ,010000 8.3720 -'.00064 9000013

CALIRRATION RESULTS .020SS6 INCHES/VOLT

VARIATION * OR - .001859

EQUATION OF CURVE

X a QISTANCE
Y - VOLTAGE

X a .101354 * -.044222 Y * .003980 Y*2

DISTANCE AMPLITUOE SLOPE

(INCHES) (VOLTS) (INCHES/VOLT) NORMALIZED
0.000000 7.9050 .018697 0909585

.001000 7.9510 .019063 .927397

.002000 7.9360 .oq4z .921SS9
,003000 8.0440 .019803 .963408
,004000 8.0900 .020170 .981220
.005000 8.1370 .020544 .99419
.006000 S..1830 ,0209i0 1.17231

,007000 8.2310 :021292 1.63S
8
1T

*OOROOO 82780 .021666 1.6S4016
.009000 8.3200 ,02200n 1.070279
.010000 8.3720 .022414 1.09041S
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A particularly useful feature of the capacitive method is that the measurement

is unaffected by the presence of magnetic fields or by any transverse motion

between probe and target. Thus the method is not limited to stationary or

nonmagnetic targets.

Based on the calibration results and other features previously discussed, the

capacitance probe was selected for use on this program.

3. Optical Sensor System

Optical means for obtaining dimensional data have been an accepted part of

gage room procedures for a considerable length of time. The significant draw-

back for using optics as a measuring technique is that the usual optical in-

spection systems require visual observation for measurement interpretation.

An automated inspection system cannot rely on visual interpretation but must

depend on some type of optical-electrical signal conversion for data inter-

pretation. Commercially available optical measurement systems which include

the use of photo sensitive detectors provide sufficient sensitivity combined

with adequate data retrieval capability to make them suitable for automated

inspection systems. The actual incorporation of such a system hinges on the

ability to interface the many subsystem components into a viable cost-effective

inspection tool.

The optical system which was selected for use in this program is a line-scan

camera combined with a scanning slide, a magnifying lens system, and an

illuminator.

The illuminator which provides the gaging light that is most applicable to

roller measurement is the spot illuminator which provides a source of light

for back illumination of selected portions of the roller contour. Back

illumination is a desirable technique where size or position is to be measured

and clear edges exist. The shadow-type object provides good contrast and

eliminates any problems associated with surface reflectance variations. A

typical spot illuminator usually consists of a quartz iodine lamp with a built-

in reflector. The lamp is normally used in a reduced voltage mode which
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significantly increases the life of the lamp. A small vane axial fan, usually

included, is mounted at the rear of the lamp to provide cooling.

The lens system associated with the complete optical measuring system would

include an imaging lens, required to focus the desired information on the

photodiode array, and a collimating lens for providing a parallel ray light

beam. The lens systems were commercially available and provided no procurement

difficulties.

Line Scan Camera

In this phase of the laboratory investigation the suitability of using a line

scan camera for measuring roller contours was evaluated. The ability of the

line scan camera to make contour measurements depends on several qualities,

including:

" Adequate sensitivity and reliability

" Ability to be automated

" Reasonable cost relative to present techniques

An experimental program utilizing a commercial line scan camera was initiated

in order to establish actual sensitivity and repeatability of this measurement

device.

The line scan camera employed for these studies was a Reticon* Model LC1004.

This camera is normally used for taking non-contacting measurements in auto-

matic inspection machinery**.

The sensing portion of the line scan camera consists of an array of high

resolution solid state image sensors designed specifically for facsimile and

related applications. The monolithic siliconlointegrated circuits contain a

row of 1728 photodiodes, 16 Um wide, located on 15 um centers, together with

shift register scanning circuits for sequential reaout.

*Reticon, 910 Senicla Ave., Sunnyvale, California 94033

**Reticon, Model RS833 Roller Inspection System
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The line scan camera is used in conjunction with an RS600 series controller,

which is designed to interface with a line scan camera to provide a complete

non-contact measurement or inspection system. Through a connecting cable,

the controller supplies power to the camera and accepts the camera output for

processing and display. The controller gives an indication that the light

level is adequate, provides for pattern selection within the camera field of

view which is to be measured and give both a digital display of the measure-

ment and a corresponding BCD output for further processing. The light source

for the line scan camera includes a quartz-iodide lamp, a lamp cooling fan

and collimating lens; when installed with an autotransformer in the lamp

circuit, an adjustable intensity light beam 1-1/2 inches in diameter is

provided.

For the laboratory demonstration the camera was set up in a clean area, as

illustrated in Figure 11.

Extension Tubes

LTarget (bject

Slide

L4Source

amera 11111, Micrometer
Head

Fig. 11 Plan View of Line Scan Camera Evaluation Set-Up

This set-up was the simplest arrangement for quickly determining the camera's

ability to measure contour precisely. Specifically, the camera was installed

with a 50 mm 1.8f lens on a 68 mm extension tube, so that its diode array was

perpendicular to the motion direction of the micrometer. The lens was set

back 2.2 inches from the target mid-plane, thereby providing a total calculated

magnification factor of 9.375 p per diode count.
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Line Scan Camera Evaluation Results

For initial evaluation purposes, a 3/4-inch diameter ball bearing ball was

positioned on the micrometer slide in the line scan camera field of view. At

250 p increments, as measured at the micrometer head, the number of dark

camera elements was recorded. These data are shown in Table 10. To obtain

the actual vertical dimension sensed by the diodes, the diode count is multi-

plied by the magnification factor.

From these data, two calculations were made to determine the measured contour's

match to the circular shadow cast by the sphere. Both calculations use the

basic equation of a circle with its center at some arbitrary location given

as:

2 -a 2  2
R. (x-a) + (y-b)

The first calculation was performed by selecting three data points and then

by substitution, solving a set of three simultaneous equations for a, b and

R. The selected points are shown in Table 11 and includes the conversion from

diode reading to linear dimension.

TABLE 11

Selected Data for Three Point Circle Calculation

x y y
Point Micrometer Diode Diode
No. (Microns) Count (Microns)

1 5,000 1,260 11,812

2 9,000 1,390 13,031

3 13,000 1,331 12,478

Calculated results show that:

a - 9.720 mm

b - 3.495 mm

R - 9.563 mm
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TABLE 10

Line Scan Camera Evaluation - Test Data

Camera S/N: LC100U1728/300-77244 Target: .7488 in. Dia Sphere

Micrometer: Brown and Sharp Extension Tube: 68mm

Lens: 50um 1:1.8

MICROO(ETER DIODE MICROHETER DIODE
SETTING READING SETTING READING

0 0 9750 1393

250 299 10000 1392

S00 552 10250 1391

750 716 10500 1389

1000 788 10750 1387

1250 843 11000 1384

1500 892 L1250 1380

1750 934 11500 1375

2000 937 11750 1370

2250 1008 12000 1363

2500 1041 12250 1356

2750 1070 12500 1350

3000 1098 12750 1340

3250 1124 13000 1331

3500 1147 13250 1320

3750 1168 13500 1310

4000 1189 13750 1298

4250 1208 14000 1285

4500 1227 14250 1271

4750 1244 14500 1256

5000 1260 14750 1239

5250 1274 15000 1222

5500 1288 15250 1204

5750 1301 15500 1183

6000 1313 15750 1162

6250 1324 16000 1139

6500 1334 16250 1115

6750 1343 16500 1089

7000 1351 16750 1062

7250 1360 17000 1030

7500 1365 17250 997

7750 1371 17500 961

8000 1376 17750 921

8250 1381 18000 877

8500 1384 18250 827

8750 1388 18500 771

4000 1390 18750 651

9250 1392 19000 468

9500 1393 19250 59
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A second calculation, employing all the data points from a micrometer reading

of 3000 V through 15,000 p, was performed using a least square circle fit com-

puter program. From this calculation, the three constants were calculated to

be:

a - 9.717 m

b - 3.535 mm

R - 9.525 mm

Each set of constants was then used to calculate values of the y dimension,

based on the micrometer reading. Table 12 shows the test data and the results

of all the calculations.

The target radius determined by the least square circle fit to the experimental

data was:

R - 9.525 mm

The actual target radius was:

R - 9.510 mm

Indicating the actual system magnification was:

9.510
M = 9.375 P/count x 9.525

M - 9.360 P/count

The radius calculated for the three point fit was slightly larger than that

calculated from the least square fit and deviates somewhat more from the mea-

sured sphere diameter.

Deviations of the multipoint test data from a least square fit circle show a

mean value of 0.094 x 10-6 a with a standard deviation of 5.05 x 106 i. A
-6 -

mean deviation value of -1.92 x 10 m with a standard deviation of 6.41 x 10-m

was obtained for the 3 point fit. The correlation between the test and cal-

culated data points is sufficient to state that over an angular extent of at

least +60, when measured from the diode array axis, the camera scan output

does plot a true circle.
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A graph showing the spherical test data is presented in Figure 12. Two areas

of related measurement uncertainty exist. Upon examination of the test data,

these are:

1. The actual axial dimension "zero" position; the circle center

is located beyond the calculated radius.

2. The contour data close to the 90* before or after top dead

center is inaccurate.

These uncertainties can be attributed to the following reasons.

At the magnification employed during these tests, the apparent camera aperture
-6(width of target seen by the diode array) was 9.375 um (369 x 10 inch).

If the angle at which the target shadow crosses the diode array, as measured

from the diode array axis, is large, then good resolution is obtained since

the switching of diodes will occur after large translations of the target.

If the target angle is small or approaches zero, however, an uncertainty of

at least the aperture width will occur. Examples of both these situations are

seen on Figure 12 and from the results of the scan taken of an actual 16 mm

roller from a high DN roller bearing, shown in Figures 13 and 14.

Figures 13 and 14 show the results of a scan taken with the roller parallel

to the micrometer axis and perpendicular to the camera diode array axis. The

locations on this figure, indicated by the asterisks, are where a one (1)

diode count change was registered. The scan data for the crown portion of the

roller would, therefore, be a series of steps followed by lengths of uniform

diameter data. The true contour would be defined by the axial coordinate of

the step location and the radius of the mean value of the step height. This

technique would only use a small number of the data points obtained and would

not be a satisfactory method of establishing contour dimensions. The corner

breakout location presents a different problem with regard to its definition.

According to detailed roller drawing dimensions, the corner and crown of

rollers are true circles which intersect at the corner breakout location.

It is obvious from the roller measurement data on Figures 13 and 14 that the

corner is not circular but some other curve shape possibly resulting from the

39



E -4 
- 4

0

-4

C.
(A w

0) -4x

cn C;

.4' c

034 0

k-- Co

40 0



co

* 0

-4- -

* -C - r

-4 0 9-4

*0 -1 r A,
0 we w I

~1-4

O.~ .-40
~ 0 Cu-0

* ~4O0~ 0

en~1.~ t51.'4 4 4

41 C



-4

r. 0
* -4 -4

* V-4

* (.1 0

0 0 0

6$ 0)

w w

* 0

* - r

* *0)

r* -- ,4

0 N 0

'K 02

00 %D
M-OTSOT -T - --- *

* ..442



blending process used to remove the intersection line between crown and corner

during manufacture. Any computation system which uses the camera and slide

output data to compute the breakout location will require a curve fitting

routine. In addition to the curve fit requirement, at the portion of the

scan data where the target shadow crosses the camera diodes at a small angle,

the resulting indeterminate location of the radial dimension with respect to

axial position produces the distorted corner data shown on Figures 13 and 14

at the initial axial scan position.

The line scan camera evaluation was continued to determine whether the in-

ability of the line scan camera to accurately measure contour when the angle

of incident between the object shadow and camera's diode array was small

could be overcome. A test was performed with a 16 mm roller target oriented

at 450 to the camera's diode array with the results of this test being shown

in Figure 15.

On this figure the data points shown are only 20 percent of the actual number

of points taken. With even the reduced number of data points shown, all the

corner geometry is visible. From the data taken, a computer could perform a

least square fit calculation to arrive at the roller end contour given by

2 2 2

contour by (x - b4 )2 + (y - b5 )2 =R.

If the slopes of the intersecting curves are equal at identical coordinates,

then the intersection points for the three curves could be obtained.
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When the previous conditions are met, the corner breakout location, relative

to the roller end is calculated from the slope of the roller end and the

dimensions x and y are calculated by establishing the length of the line

having a slope of m which passes through xl, Yl and intersects y = mx + b I.

A similar calculation would be made for the corner breakout location relative

to the flat central portion of the roller.

An added feature of this measurement technique is the determination of the

true contour of the roller corner. If future measurements determine that the

corner is not a true arc segment, then a polynominal curve fit could be used

with the same effectiveness.

Discussion of the Line Scan Camera Test Results

The mean deviation between the least square fit circle calculation fit and

the test data, when using a sufficiently large number of data points, is only

9.4 x 10- 8 m or less than 4 x 10- 6 inch. This indicates that the mean value

of data, taken when the line scan camera is installed for these tests, is well

within the required accuracy for roller contour measurements. The standard

deviation, however, either from the least square (5.05 x 10-6 m) or three

point fit (6.41 x 10- 6 m) circles, is of the same magnitude as the camera sen-

sitivity and is close to a plus or minus one diode count measurement error.

For the laboratory study, the combined magnification resulting from the camera

lens set-back distance, the lens size and the extension tube length provided a

calculated camera sensitivity of:

S = 9.375 p/count (369 x 10- 6 in./count)

The sensitivity of the laboratory study is not high enough to produce

sufficiently accurate roller contour measurements. This deficiency can be

corrected by the addition of an extension tube length of 610 mm (24 inch)

and the repositioning of the camera to an approximate 1.0 inch set-back.

This change would increase the camera sensitivity to:
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S - 9.375 x 68 .4
678 .85

-6S = 0.4427 U/count (37.0 x 10- in./count)

At this level of sensitivity the camera is capable of measuring roller con-

tours to the proper accuracy. The only restriction placed on the system is

the limit on the angle that the target shadow makes on the camera's diode

array. The orientation of the roller axis at 45* to the axis of the diode

array as shown in Figure 15 provides the method of eliminating the shallow

angle distortion problem.

4. Roller Support Evaluation

Along with the need to establish the type of sensors suitable for use in an

automated inspection system, a method of holding a roller in the position

necessary for obtaining good measurement data is equally important. To es-

tablish the most suitable roller support method, three mounting types were

investigated: a kinematic mount (Reference 2) and a 90* and a 1200 "V"

block.

Figure 16 illustrates the three selected mounting blocks and indicates the

orientation in which they were evaluated. Each mounting block was assessed

for ease of use, suitability for inclusion in an automated gaging system,

as well as for the production of repeatable measurements.

Determination of the first characteristic is subjective and was based on

operator judgement. The second characteristic was judged by relying on

the pasc experience of automatic machine designs, and the third characteristic

by comparing the mean and standard deviations of a series of 10G measurements

taken on each block. The measurements were obtained using both a contacting

and a non-contacting gage. A 16 n roller from a high DN aircraft turbine

engine roller bearing was used as the gaged member.
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Prior to construction, a calculation of Hertzian stresses generated by the

kinematic mount was made. The support spacing for the mount is based on the

support width (L) to bearing diameter (D) ratio of

L/D = 0.99.

The maximum Hertzian stress for a 16 mm diameter x 16 mm long roller at that

spacing ratio under its own weight is:

5 2c= 2.74 x 10 lb/in.

This level of stress, although high, should not produce roller damage, provid-

ing no additional gaging loads are imposed.

Roller Support Evaluation Results

The results of the roller support evaluation produced the following.

The mounting block providing for the easier insertion and retrieval

of the roller under the sensing elements is the 900 block since

a straight entrance can be made without sliding the roller. The

ranking of the mounting blocks was judged to be:

90° block 1

1200 block 2

Kinematic Mount 3

* Production costs for the mounting blocks in an actual inspection

machine, based on procurement costs for the laboratory devices,

are rated as follows:

90* block 1

1200 block 1

Kinematic Mount 2

" The ranking of the mounting blocks based on the ability to adapt

to different roller sizes is judged to be:

900 block 2

120* block 1

Kinematic Mount 4
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* The ranking of the three roller support blocksbased on the

ability to perform the required measurement was obtained by

testing the hypothesis about "differences" in the means* of

the collected roller measurement data. The measurements were

obtained using both a contacting and a non-contacting gage.

A 16 mm roller from a high DN aircraft turbine engine roller

bearing was used as the gaged member. For each mounting

block, 100 measurements of the roller diameter were taken by

repeatedly inserting the roller, in the same orientation, into

the mounting block.

The instrumentation used for this evaluation were:

Height Gage - Cleveland IND-AC Model BT-lA S/N 380936

(contacting probe)

Capacitance Probe - 1 mil range (CP-l)

Wayne Kerr - Model DMIOOB, S/N 388

Multimeter - Digitec Model 2120

For all tests the sensing probe and roller support blades were fixed in posi-

tion and not moved, the roller was inserted, removed and reinserted into the

support block for each reading. The roller orientation relative to the probe

location was held constant throughout the tests to eliminate out-of-roundness

or other geometric irregularity from interfering with the data.

The previously identified computer program was used to evaluate the test data

and test the hypothesis about differences in means. Table 13 shows the re-

corded data and the calculated results for the contacting probe measurements,

Table 14 the result of the non-contacting probe measurements.

The calculation of differences in means for the three mounting blocks indicates

tne ranking as:

900 block 2

120* block 2

Kinematic Mount I

This ranking is based on the mean and standard deviations obtained from the

evaluation data.

*See Appendix A
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TABLE 13- RESULT OF CONTACTING PROBE MEASUREMENTS

ROLLER MOUNT EVALUATION

SPECIMEN I II III
RANK 90VEE 120VEE KINEMATIC

ORDER

I -. 12

2 -. 15 -.02 .05
3 -.05 .04
4 -. 12

-. 04 -. 02 .02
5-.18 .04
S.12 -.02 .03

.15 -.01 .03
9 .10 -. 03 .0-3

10 .10 -.02 .06
II -.08 -. 03 .07
12 -. 10
13 .01 -.05 .oQ
14 .02 -.01 .05
1 .03 -. 05 06

.o2 -.01
-.0 .02

19 -. 02 .04
19 -. 04 .02
20 .01 -. 02 .03
21 .01 -. 01 .02
22 -. 02 .02
23 .01 -.02 .02
24 -. 03 .03
25 -. 03 .n5
26 .02 -.02 .05
2/ .01 -. n5 .OI
2, -. 01 -.C2 .03
2-) -. 03 .04
30 -. 05 -.03 .03
31 -.02 -.02 .03
32 -. 03 -.02 .01
33 -.06 -. 02 .91
34 -.Oc -. 04
35 .02 -.02 .11
36 -.02 .02
37 -. 01 -. 03 .03
3-1 .04 -.02 . I
39 .10 -. 02 .01
40 .07 -.03 ."-2
41 .10 -. 01 .92
42 .06 -.,0 .OA
43 .07 -.02
44 -. 50 -. 02 .05
4- -.02 -.02 .0?
46 -.04 -.04 .03
4/ .05 -. 04 .02
4+ -. 06 -. 03
49-.01 -. 03 .03

.l II-.03 .03
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TABLE 13- RESULT OF CONTACTING PROBE MEASUREMENTS (cont'd)

bl -. 10 -.03 -. 01
'2 .02 -.02
13 -. II -.01 .03
54 .OC -.04

3 -. 10 -.03 .01
56 -. 10 -.02 .02
3 1 .05 -.04
5F3 -.05 .02
-9 .02 -.04 .04
60 .OE -.05
61 .10 -.04
62 .03 -.03 .04
b3 -.03
64 -.04 02
,- -.02 -.02 -.02
o5 -. 01 -.03 .03
6/ -. 01 -. 03
69 -.02 .01
70 -. ()2 -.05
71 -.01 -. 02 -.31
72 -.04 -.01
13 -. 02 -. 02
/4 -. 01 -.02
75 -. 0? .r) 3
16 -. 02 -.03 -.,)
77 -.04 .91
1 -. 01 -.03
79 .,12

,3 -. 10 .02
31 . I01
2 .01 -.01 .02
83 -.01 -.02
d4 -.01

5-.02 -.01 .01
-6 -. 02 -.01 -. O1
87 -. 31 -.02
8 -. 01 -.01
89 -.02 .04

-. 02 .01
91 -. 01 -.01
92 -. 02 .01 -.01
93 -. 02 .01
94 -.01
95 -. 03
96 -. 01 -.04 .,02
97 -. 01 .03
90 -. 03
99 -.:)2 .01

103 -. 02 -.el -,02

MEAN -2• I i00-02 -2•1 4 00t-02 I.7650E-02

[c DE V-1.Zb4c-O_ -I . 4 90oE-02 -2.2152E-0")5
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TABLE 13 - RESULT OF CONTACTING PROBE MEASUREMENTS (Cont'd)

STATISTICAL TEST OF DIFFERENCE IN MEANS OF PROCESSES II AND III:

STD DEV OF DIFF IN MEANS - 2.6710E-03
T-RATIO AND ALPHA - 1.4620E+01 2.5969E-33
95% CONFIDENCE LIMITS - 3.3783E-02 4.4317E-02

- -157.864 2207.090% FOR FIRST MEAN
STRENGTH OF ASSOCIATION - 5.1545E-01
F-RATIO AND [1-P(F)] - 2.1375E+02 1.4211E-14

STATISTICAL TEST OF DIFFERENCE IN MEANS OF PROCESSES I AND II:

STD DEV OF DIFF IN MEANS - 7.4065E-03
T-RATIO AND ALPHA - 5.4006E-02 9.5698E-01
95% CONFIDENCE LIMITS - -1.4206E-02 1.5006E-02

- 65.164 -68.834% FOR FIRST MEAN
STRENGTH OF ASSOCIATION - 0.
F-RATIO AND [1-P(F)] - 2.9167E-03 9.5698E-01

STATISTICAL TEST OF DIFFERENCE IN MEANS OF PROCESSES I AND III:

STD DEV OF DIFF IN MEANS - 7.5859E-03
T-RATIO AND ALPHA - 5.2005E+00 4.9398E-07
95% CONFIENCE LIMITS = 2.4491E-02 5.4409E-02

= -112.342 -249.585% FOR FIRST MEAN
STRENGTH OF ASSOCIATION - 1.1522E-01
F-RATIO AND [I-P(F)] - 2.7045E+01 4.9398E-07
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TABLE 14- RESULT OF NON-CONTACTING PROBE MEASUREMENTS

ROLLER MOUNT EVALUATION

SPECIMEN I II III

RANK 90VEE 120VEE KINEMATIC

ORDER

-' .63- .e3") .452 .IS3( . Y .31'

3 .630 .e 1 .5)4
4 .,543 .637 .493

6.61
" ,. .26 d.ao2

7 .64. .,35 t.n
S.63.631

) .63/ 53R

I .640 .634 .32
12 14 1+ .633 .524
13 .646 .631 .b04
14 .646 .639 .502
1 .636 .630 .494
1. .641 .6 32 .t36
/ .544 .634 .blII
13 .650 .630 .520

.63,, .632 .4o0
2) .6s3 .031 .t26
21 .65/ .62/ 510
22 .6,2 .62- .5?
23 .6 .629 .409

. .&36 .490
25 .s(2 .62. .12
e,-3 t62 .?.A32

1 .6/1 .63? .509
. h4 .640

29 .6bI .624 .b I )
30 ./,50 .636 .50b
31 .653 .633 .52b
32 .6b .631 1 t
23 .659 .63', .4,7
34 .6 2 .6 4) .490
35 .661 .636 .510
36 .655 .631 .500
37 .65t .631 .499

.660 .632 .485
34 .662 .632 .503
40 .65o .629 .a94
41 .649 .6 31 .b05
42 .6b6 .632 .4Q
43 .669 .63b .492
44 .650 .63:i bot
45 .542 .631 .50
46 .51 .636 .bi5
4/ .641 .633 .50C
41 .o42 .63t .
49 .6 .631 .,02

.53 7 .t40 .4Q?
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TABLE 14 - RESULT OF NON-CONTACTING PROBE MEASUREMENTS (cont'd)

.63b .63.b
52 .644 .633 .509

.63- .632 .506
54 .649 .629 .511

.3 •,639 .640 .502
0 .645 .630 .t)O

.64: .629 .495

.649 .639 .4 r4
6.04. .633 .472

60 .643 .649 .4 1
e) 1 .65" 31). .4634
62 .65C .636 .4z5
63 .65 .637 .494
04 .656 .637 .497
615 .6,-2 .639 .511
6-6 .66,4 .e41 .5II
6 i .-- 61 .63b .4Q6
6 .659 .639 .506
6) .659 .636 .51Q
I ) .655 .031 .529
11 .63 .2/ .513

/ .64 7 .,542 5

(3 .644 .639 .512
74 .652 .643 .527
l5 .65, .642 .520
76 .65 .040 .520

}1.653 .636 .514
.525

79 .64Y .634 .494
S.64I .63 .406
S.064 .t40 .4 0

.63S .636 .51-

.631 .632 .502

.o43 .t41 .490
.631 .3550

- . -t .(t32 .400
1 .35 .e33 .501

.642 .635 .493
" ., .635 .L 5

.63 I.631
Q_ .640 .4- 7

; .2c . 36.4;O ,

95 t3c .034 .4Ql
IV .1 .63-

.63
; • ' -z .632 .

I 1 .141 .Aki 4

712-.4 1 2-- 1 1. 433h-.I 5.0411 -91
v .:j 4 -- I - 3.-
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TABLE 14 - RESULT OF NON-CONTACTING PROBE MEASURIENTS (cont'd)

STATISTICAL TEST OF DIFFERENCE IN MEANS OF PROCESSES II AND III:

STD DEV OF DIFF IN MEANS - 1.7102E-03
T-RATIO AND ALPHA - -7.6142E+O1 1.3311-148
95% CONFIDENCE LIMITS - -1.3359E-01 -1.2685E-01

= -21.060 -19.997% FOR FIRST MEAN
STRENGTH OF ASSOCIATION - 9.6665E-01
F-RATIO AND [1-P(F)] = 5.7977E+03 1.4211E-14

STATISTICAL TEST OF DIFFERENCE IN MEANS OF PROCESSES r AND II:

STD DEV OF DIFF IN MEANS = 1.1477E-03
T-RATIO AND ALPHA = -1.144E+01 1.0564E-22
95% CONFIDENCE LIMITS = -1.5053E-02 -1.0527E-02

= -2.326 -1.627% FOR FIRST MEAN
STRENGTH OF ASSOCIATION - 3.8116E-01
F-RATIO AND [I-P(F)] = 1.2419E+02 1.4211E-14

STATISTICAL TEST OF DIFFERENCE IN MEANS OF PROCESSES I AND III:

STD DEV OF DIFF IN MEANS = 1.9470E-03
T-RATIO AND ALPHA = -7.3452E+01 1.2948-145
95% CONFIDENCE LIMITS = -1.4685E-01 -1.3917E-01

= -22.693 -21.506% FO FIRST MEAN
STRENGTH OF ASSOCIATION = 9.6425E-01
F-RATIO AND [I-P(F)] = 5.3952E+03 7.1054E-15
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The net ranking of the three mounting block designs is obtained by adding the

individual ranking values with the lowest total indicating the preferred de-

sign. The net rankings are:

900 block 6

120* block 6

Kinematic Mount 10

Although the 908 and 120 ° blocks are equally ranked, the selection of the 900

block for application in the automatic measurement system is made on the basis

of the ease in which it can be applied and used in the final system design.

5. Summary of Laboratory Evaluation

The laboratory evaluation study has investigated both non-contacting sensors

which would be directly applicable to an automated gaging system and the meth-

od by which a precision roller would be supported in such a system.

The conclusions reached as a result of the evaluations performed are summarized

below:

1. Inductive-type proximity probes lack the linearity and in

practical sizes, the sensitivity, to be used for taking preci-

sion measurements in an automated roller gage system.

2. The capacitance probe in the high sensitivity design demonstrates

both the necessary sensitivity and linearity to be successfully

used in a precision roller inspection system.

3. The video line scan camera has demonstrated its ability to

measure the less precise roller contour characteristics with

sufficient accuracy and repeatability to be directly applicable

to the automated gage system.

4. The 900 " V " block has been shown to provide the required

reliability and ease of use to be used as the method for
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positioning a roller to be inspected in the proper orientation

relative to the sensing probes.

An additional conclusion drawn from the laboratory study is that the roller

characteristic to be measured in an automatic gaging system should be grouped

according to the capability of the sensors used. From this conclusion,

therefore, the measurements to be made in the breadboard version of the auto-

mated inspection system will be grouped as follows:

High Sensitivity Requirements - Diameter

(capacitance probes) - Length

- Crown Drop and Runout

- End Parallel and Runout

- OD Taper

Low Sensitivity Requirements - Corner Breakout
(video line scan camera) - Corner Runout

- Flat Length

- Flat Centrality
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SECTION IV

DESIGN OF BREADBOARD GAGING MODULES

The main thrust of this program is to demonstrate the features of an automated

roller inspection device rather than to build a completely automated inspec-

tion system. For this reason, the development effort concentrated on the

successful design and demonstration of two related gaging stations. Table 15

identifies the gage stations and the tolerance types which can be evaluated

at each. The gaging stations were used to evaluate measuring techniques and

to obtain the information needed to prepare the basic design of the automated

system. For this reason, no attempt was made in the experimental phases of

this program to provide automated transfer mechanisms, self-contained environ-

mental controls for temperature or humidity, automatic sorting logic, or

automatic roller clean- and re-oiling features. Rather, the design effort was

directed toward features which will require a minimum of redesign when the

gage heads are incorporated into the final automated gage configuration.

TABLE 15

Roller Dimension Tolerance Gaging

Diameter
OD OR Two iKadial Probes

Along Flat Length

OD Taper_.

Radial Dimensions

Crown Drop] Radial Probe Each End

Gage #1 Crown ORJ Gage Location

Length
Axial Dimensions End Parallel oposie ro es)

) -I opposite roller ends)

IEnd Runout _

Corner Breakout
Contour Dimensions Corner Runout

Gage #2 Optical Scanner

Contour Dimensions Flat Length

Flat Centrality
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Another reason for not emphasizing transfer mechanisms in this program is to

retain the flexibility of including a greater or lesser degree of automation

based on the economic and technical cost effectiveness factors. For example,

small production rates may be handled better with more manual operations and

without automated roller transport, while large production rates will obviously

benefit from a greater degree of automation. With this philosophy, the gage

modules will provide a minimum base capability from which various degrees of

multiple gaging performance can be generated.

Material presented in this section only describes the configuration of the

gages and briefly, their use. A detailed description of their operation and

capabilities is presented in the following sections.

Manual gaging methods and instruments currently used contain numerous design

features developed through experience. Some design features adapted for use

in the breadboard gaging modules are:

* The gaging loads set by springs or counter weights in the

manual gages will be retained for applying gaging loads in

the automatic machine.

e Belt drives for rotating the rollers during roundness measure-

ments will be replaced with a rubber covered wheel.

a The angle plate type of mount used in the manual gage will be

retained on the automatic gage because point contact mounting

for rollers may induce unnecessary damage during roller

manipulation.

During the breadboard evaluation, each of the gaging modules will be assembled

and evaluated for these principal capabilities:

" Measurement of accuracy and repeatability

" Manual throughput rate

" Interchangeability for varying roller sizes

" Adaptability for automatic transfer
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1. Capacitance Probe Design

The initial task in the development of the breadboard gages was the design and

construction of the smallest practical capacitance probes. The final probe de-

sign is illustrated in Figure 17 (Dwg. 1OB000397). The actual sensing tip

(center element) has a diameter of 0.031 in., however, for linearity require-

ments the fringe shield increases the active probe diameter to 0.072 in. it

is this diameter which determines the true probe envelope.

The new probe is designed to provide a full scale reading at an offset of

0.0005 inch in order to produce a small scnsing diameter. Range extension

circuitry in the associated probe electronics will decrease the probe sensi-

tivity to that of a 0.001 inch probe thereby increasing the space available

between the probe and the roller target. The larger probe to target spacing

permitted greater flexibility in introducing and retracting rollers from the

gage module.

Figure 18 shows a finished probe and two preliminary calibration curves.

Calibration "a" was taken with the probe electronics in their normal config-

uration. Calibration "b" was taken with the probe range extension circuitry

added to the electronics. The range extension substantially increased the

probe sensitivity, from 636 volts/inch to 1600 volts/inch without sacrific-

ing linr~rity. Positions of the capacitance probes for measuring roller

characteristics are illustrated in Figure 19. The probes are identified as

probes A through E. The combinations of probe readings necessary to obtain

the necessary measurement data are listed on Table 16.

The successful design of the miniature capacitance probes established the envel-

ope of the sensing elements and permitted the design of the gaging module to

proceed. The first module for which a firm design was completed was the com-

bined radial/axial gage which can be easily converted from making radial to

axial measurements. In the evaluation phase of this program, it was determined

that the gage could function preperly in a combined form. Presently, it is

better to show the functions separately.
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Fig. 19. Radial/Axial Gage: Probe Location Diagram

TABLE 16

Probe Reading Combinations Necessary to

Obtain Necessary Measurement Data

Probe used to Obtain
Characteristic Characteristic Value

Diameter B&C

Length E&F

Crown Drop B-A and C-D

Crown Runout B-A and C-D continous

End Parallel E-F

End Runout E&F

Corner Breakout

Corner Runout NA

Flat Length

Flat Centrality

OD Taper B-C
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In the following designs, all gaging functions are performed manually, but in a

manner such that the manual operations duplicate functions which could easily be

automated. Following is a description of gage usage.

2. Radial Measurement Gage

The radial gage configuration is shown in Figure 20. In this figure, a roller

undergoing measurement is shown inserted onto a tungsten carbide faced 90

angle plate anvil®. The roller is secured axially by an adjustable carbide

tipped position pin stop (, and a clamping level(. The fixed axial stop

is set so that the roller is properly oriented in the axial direction with

respect to the position sensing probes. The clamping lever (4) includes a
counter-balance weight® to provide an axial clamping load via the clamping

lever (. The axial clamping load is actuated by a rotating cam®0. Placement

of the counterbalance weight along the clamping lever will determine the amount

of clamping load. A rotating rubber covered wheel is positioned against the

roller to provide both a clamping load to hold the roller against the anvil and

a torque to rotate the roller during a measurement sequence. Adjustment of the

clamping load provided by the wheel is achieved by a movable counterbalance

Dmounted on a lever system @ . Roller measurements will be made using four

capacitance probes. Two probes @ and @ will measure the diameter, two point

out of roundness and OD taper simultaneously. Two additional probes, 13) and 14j,

oriented in the fixture at the appropriate crown drop gage locations are used to

measure both crown drop and crown runout simultaneously. The four probes are

positioned over the roller using a precision mounting block@.

The positioning of the non-contacting capacitance probes in the radial and axial

gage modules is critical to both the successful measurement of all necessary

roller characteristics and to the acceptance of these measurements by the manu-

facturers and users of high precision roller bearings. Each roller design has

specific locations where such mpenurements as crown drop, corner breakout and

central flat length are taken. In order to place the sensors obtaining such

dimensions as crown drop, diameter and taper of the central flat and roller

end characteristics in their proper locations the geometry of the probes

becomes important.

The probe diameter established for the breadboard gages is D = 0.100 inch; the

active portion of the probe, however, is only D = 0.075 inch. Since the entire
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Fig. 20 Radial/Axial Gage Module: Radial Measurement Configuration
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active portion of the probe must view the probe's target, if sensitivity and

linearity are to be maintained, positioning the probe relative to roller con-

tour discontinuities, such as corner breakout, are critical. Because groupings

of probes require finite space, either longitudinally along a roller's axis

to obtain radial measurements or circumferentially placed perpendicular to the

roller's axis; to obtain axial measurements the probe dimensions govern the

minimum roller size which can be accommodated in the breadboard gages.

To illustrate the development of minimum probe spacing refer to Figure 19.

Assuming a probe separation of 0.0i0 inch longitudinally and a 0.050 clearance

circle for the circumferentially positioned probes, Figure 21 shows the minimum

longitudinal spacing for the breadboard probes to be 0.185 inch, which is sig-

nificantly greater than the roller flat length found on 7 mn rollers (approxi-

mately 0.160). The conclusion drawn from this is that radial dimensions on

small rollers can only be measured at one end at a time, and that a central

flat length greater than 0.185 in. must exist before all four radial probes

can be employed. Along with the radial probe orientation,a minimum gaging

circle of 0.225 inch results from a circumferential orientation of probes as

illustrated by Figure 22 . The 0.225 inch diameter is les;s than the diameter

defined by the difference between the outside diameter and the corner breakout

dimension for the 7 mn roller (approximately 0.230) but would be greater than

the same dimension for smaller rollers.

Although the breadboard probe design, because they are required to be re-

movable, presents some restrictions on their use with very small rollers, the

difficulty can be somewhat relieved in the final automated design by eliminating

the outer probe sheath. The probe outer sheath is used as a fixturing device to

permit probe clamping and in the automated gage version these probes can be

epoxied directly into holding fixtures. Since an insulation layer of approxi-

mately 0.004 in. must be maintained between the probe and its holder, for the

same minimum probe spacing of 0.010 inch, the new longitudinal and circumfer-

ential spacings would reduce to 0.168 in. and 0.200 in., respectively. Even at

this spacing, however, the full compliment of axial and radial probes is barely

adequate for use with the 7 mm rollers and would have to be evaluated at the

time of construction.
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f....0.010 in. Spacing
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Minimum Probe Spacing

0.185 in. (4.7 mm)

Fig. 21a Longitudinal Probe Spacing

0.100 dia
0.075 dia

Minimum Probe Spacing
0. 225 dta (5.70 m)

.050 dia 
/

Clearance
for Axial Clamp (

Fig. 21b Circumferential Probe Spacing

Fig. 21 Minimum Probe Positioning for Breadboard Gages
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In the breadboard version of the gaging head, a manual stripper mechanism U6 is

included for the removal of a measured roller, but a manual operation will be re-

quired to complete the removal function as well as to insert a roller into the

gaging head.

In the final automated version of the gaging head, the roller entrance into the

fixture will have to be guided to assure that no contact is made with the axial

stop during roller insertion.

The completed radial gage module is shown on the photographs identified as Fig-

ure 22 and 23. Figure 22 illustrates the levers and loading lever locations.

Figure 23 shows the positioning of the sample roller, the probes and probe

holders and the roller rotating wheel for the 7 mm roller inspection.

Fig. 22 Radial/Axial Breadboard Gage-Lever Systems

The major components identified on Figure 22 are the roller axial clamp rod

and leverC) and their actuating camr1. The roller clamp lever assembly in-

cludes the belt for rotating the roller(0 and the cantilevered loading weights

5 . The pulley which drives the belt® is free to turn on the counter weight

shaft D but the loading are 7 which carries the roller rotating wheel is

not. The addition of the 900 'V' block, the roller position stop and the

sensing probes to the assembly shown in Figure 22 forms a complete gage module.
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In Figure 23 the 7 mm roller is shown installed in the gage fixture with one

axial probe 3 and two radial probes 0 and 0. Plastic guides G and

are positioned on the 'V' block 6 to serve as roller Installation guides.

3. Axial Measurement Gage

The axial gaging assembly shown in Figure 24 is constructed from the radial

gage and in this configuration will gage all the axial dimensions listed in

Tables 1 and 15. This gage head is simlar to the radial measurement head

but differs in the placement of the capacitive gage sensors; the conversion

from a radial to an axial gage configuration is simply performed by replacing

only the probe holding brackets.

In the axial measurement configuration, an individual roller is also inserted

into an angle plate anvilO and is clunped against an axial stop D by a

clamping lever The clamping lever includes a slideable counterweight®

for the adjustment of axial load; a cam operated lever is used to engage

and disengage the load lever. The roller is loaded against the 900 angle plate

anvil by a counterweighted belt driven wheel0 which provides both a gaging

load and a means for rotating the roller for runout evaluation.

Axial roller measurements are made using two (2) capacitance probes 0

oriented parallel to the roller axis with one positioned at each roller end.

The probes are positioned so that their fringe shields lie within the corner

breakout gage diameter. The average reading difference between the two probes

will define the roller length. The variation of the probe readings will estab-

lish end runout, the variation in their output difference will define end

parallelism.
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Fig. 24 Radial/Axial Gage Module Radial Measurement Configuration [
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In the breadboard model of the axial gage, rollers are inserted manually and a

manually operated stripper mechanism ! ejects rollers from the gaging fixture.

In the automated version of the fixture, roller stripping will be included as

part of the automated mechanism, as will the insertion of rollers into the

gage. Special lead-in devices will have to be included in the automated gag-

ing head to assure proper positioning of the roller between the axial probes.

However, range extension circuitry is included as part of the probe design

to increase probe to roller clearances.

An enlarged view of the roller positioning within the axial gage assembly is

shown in Figure 25. This view of the roller as it is set into the gage is

used to illustrate the closeness to which the probe must be placed between the

axially oriented probes.

The initial design intent of the radial/axial gage modules was to provide

separate gage entities for radial and axial measurements arrived at by adding

or removing fixturing and probe holders. As the assembly of the module pro-

gressed the decision was made to combine both axial and radial measurement

capabilities and perform all the necessary measurements simultaneously.

Figure 23 included in the radial measurement gage section illustrates how the

two systems were easily combined. In final form, the axial measurement gage

fixturing is included with the radial gage fixturing rather than assembled

as a separate item.

4. Contour Measurement Gage

The second breadboard gage module design, which completed the breadboard design

phase of the program, was the contour measurement gage. This gage is used to

establish all the roller contour measurements as described in Table 1.

In the contour measurement gage, the shadow cast by the interruption of a

collimated light beam by a roller being measured is interpreted by a linear

array of photo sensitive diodes in the line scan camera and a numerical dis-

play of the number of shadowed diodes is presented. The set-up used in the

lazoratory evaluation study consisted of a 50 mm, 1.8,P lens installed with a
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65 mm extension tube. This arrangement provided a total system sensitivity of
-6

369 x 10 in./diode count. At this sensitivity the optical system was not

suitable for measuring roller contour. The addition of a 24 in. extension

tube and repositioning of the lens closer to the test roller, however im-

proved the sensitivity by an order of magnitude. The final configuration of

the optical scanning gage, including the 24 in. extension tube and the posi-

tioning of the target roller's primary axis at 45', is shown in Figures 26 and

27. Figure 26 presents an elevation view of the gage looking along the camera

axis and Figure 27 a plan view illustrating the general arrangement of the

system.

In Figure 26, test rollerT is shown positioned in a 450 mounting 'V'-block

The roller's position along the 'V' axis is maintained by a precision

micrometer 0which is used to adjust the axial position of the roller within

the vision field of the line scan camera so that appropriate portions of the

roller can be scanned.

A tungsten carbide ball G, attached to the end of the micrometer shaft, is

used to support the roller. The position of the ball is accurately maintained

along the centerline of the roller to minimize extraneous motions caused by a

possible axial offset.

In order to obtain corner runout measurements of a roller, it is necessary to

rotate the roller while maintaining a constant pressure against it. A roller

rotating mechanism similar in design to that used on the radial/axial gage is

also incorporated in the optical gage design. A rubber covered wheel ,

mounted in a counterbalanced spindle 0 contacts the target roller on its

central land location. A hand wheel® is used to facilitate roller rotation.

In order to accomodate other roller sizes and to assure that the wheel always

contacts rollers on their central land, the spindle shaft is machined with a

series of concentric grooves. These grooves communicate with a positioning

pin®Q in the spindle housing. When a repositioning of the wheel is required,

a different groove is engaged with the positioning pin.
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One additional axis of motion is required to fully position the roller within

the line scan camera field of vision. With the vertical position of the roller

established by the axially oriented micrometer and the circumferential roller

position maintained by the rubber covered wheel, a second micrometer 0 pro-

vides the horizontal roller position. This micrometer is used to traverse

a roller across the line scan camera field of view.

Accurate traversing of the roller is critical to contour measuring since any

vertical mispositioning of the roller will be interpreted by the camera as a

change of contour.

To reduce the tracking error to a minimum, the entire roller support assembly,

including the axial micrometer and the circumferential rolling wheel, is

mounted on a precision frictionless gas bearing slide 0. The tracking accuracy

of this support bearing is 0.2 x 10- 6 inch; entirely adequate for the level of

accuracy required for the contour measurements. The axial micrometer®

attached to the same base 0 as the gas bearing slide can now easily position

the roller and its mounting block anywhere within the required camera field.

In the plan view, Figure 27, the positioning of the collimating light source

0 and the line scan camera @ with its extension tubes 9 and lens @

is shown.

To measure a roller contour the sample roller is placed in the "V"-block. The

circumferential rolling wheel is positioned and both micrometers are adjusted

so that the maximum high point of the roller's corner radius blocks light from

at least 95 percent of the total diodes in the array. At this roller location

the roller corner runout is measured by rotating the rubber covered wheel.

The relationship between the roller and the photodiode array at this time is

shown as position 0 on Figure 28.

When the corner runout measurement is completed, the horizontal micrometer

(Item (on Figure 26) is backed off until positionG in Figure 28 is reached.

The diode count at this point should lie between 1 and 30. At this time the

horizontal micrometer is indexed in small increments and the diode count is

noted at each incremental step until the roller position ® is reached where

again the diode count lies between land 30. On small rollers the single scan
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described above should provide sufficient data to determine all the roller con-

tour characteristics required for that roller end. If this is the case, the

roller can be reversed in the "V" block and the entire procedure repeated.

The criterion for this condition is that the scan must include at least one-

third (1/3) of the central flat length. If the roller is too large to meet

this requirement, the remainder of the roller inspection must be obtained by

completing the following procedure until the one-third (1/3) criterion is

achieved.

When the target roller reaches position@ on Figure 23, and its inspection is

not complete, the axial micrometer (item®Q on Figure 26) is employed to re-

position the roller to location @ on Figure 27. The horizontal micrometer is

then backed-off placing the roller in position @ to start the second scan.

The back-off position is necessary to eliminate back-lash in the micrometer

screw from introducing measurement errors.

Incremental indexing of the horizontal micrometer is then repeated until roller

position ) is again reached. The above procedure is repeated until the roller

inspection is completed. It should be noted that for these additional steps

it is not necessary to provide data for the roller end but only for the roller

crown, sufficient data were obtained from the first scan to define the roller

end contour. The compilation of a complete roller contour is made by relating

the micrometer readings at the begining and end of each scan to generate a

montage of the roller profile. The determination of the roller contour char-

acteristics is then computed according to the method described in the roller

support evaluation section of this report.

Central flat centrality is established by relating the crown to the central

flat location measured from both roller ends to the roller length measured by

the axial measurement gage described in the axial measurement gage section.

Acquisition and reduction of the breadboard gage data were manual. In the

automated system, the entire data acquisition and reduction function will be

computer controlled and processed. The line scan camera is already designed

for that type of system, a replacement of both micrometers with motor driven

indexing devices and position encoders will permit the entire scan sequence

to be performed without operator interference.
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The assembled contour measurement gage is shown installed on a granite surface

plate in Figure 29.

/2

Fig. 29 Contour Gage Module

Identified on this photograph is the line scan camera®, the extension tube

and lens assembly ®, the collimated light source Q and the contour gage fixture

A more detailed picture of the gage fixture is shown in Figure 30. Fig-

ure 30a shows the gage as it would be when a roller is being installed or re-

trieved from the gage.

In Figure 30a the roller rotating wheel assembly ® is shown in its retracted

position and a roller® in its gaging position in the 900 'V'-block g. The

orientation of the counterbalance weightsG@ holds the wheel in its disengaged
position. Also visable in this photograph are the axial and horizontal micro-

meters D and 01 the gas bearing slide 0 , the illuminating light source

and the line scan camera lens 0. Figure 30b, is presented to illustrate

the position of the roller rotating wheel assembly ( when inspection data

are taken.
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Fig. 30 Contour Gage Module - Gaging Fixture
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SECTION V

BREADBOARD GAGE EVALUATION

Two basic breadboard gages were constructed to evaluate the gaging concepts in-

corporated in their design. One of the two gages contained several change-over

components which permitted conversion from a gage making radial measurements to

one making axial measurements, the second gage was devoted to making only

contour measurements. Each of the gage modules was evaluated for performance

with regard to usability and function according to an approved test plan.

Evaluation results generated through completion of the test plan were then

compared to similar evaluations conducted at roller manufacturer facilities

using existing gaging equipment and techniques accepted as standard for the

industry. Statistical methods were used to compare the two gaging methods in

order to estimate the adequacy of roller inspections performed by the bread-

board modules.

1. Test Plan Summary

The approved test plan found in Appendix B provided for three evaluation steps

which are summarized as follows. The first step in the implementation of the

test plan was to evaluate the functionality of each module. To perform this

evaluation, each module was assembled and a roller put through an inspection

process. The results of this test were to determine how the gage handled the

roller; not necessarily how well the measurements were performed. When each

module had been examined in this manner, the second step in the evaluation

was performed.

In the second evaluation step, 100 consecutive readings of the 16 mm roller

characteristics measured on the breadboard gages were compared to similar, con-

ventionally taken measurements that were supplied by roller manufactures. The

data were compared statistically to determine the mean as well as the standard

deviations of the data. This step in the evaluation was primarily concerned

with repeatability. In order to investigate the ability of the gage to make

valid measurements on rollers of different sizes, a third step in the evalua-

tion test plan is required.

The third test plan step involved the inspection of two roller lots consisting

of 25 rollers each, one lot having 16 mm diameter rollers, the second lot
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made up of 7 mm diameter rollers. A direct comparison of measured quantities

was intended to indicate breadboard gage adequacy. Results of the test plan

implementation are shown in the following report sections.

2. Radial/Axial Gage Module Evaluation

As previously mentioned, the initial intent of the breadboard gage design

was to provide independent modules to measure radial and axial roller

characteristics. It became apparent during the gage assembly that the

two functions could be combined and performed concurrently, and it was in

this configuration that the approved test plan was initiated. The appli-

cation of the test plan provided the following results.

Functional Check

The functional check of the radial gage module was performed by installing a

sample roller in its proper gaging position and proceeding through the neces-

sary motions to fully measure the roller. Initially, the roller is statically

measured for diameter, taper and crown drop (taken without roller rotation).

The roller is then rotated to obtain the dynamic measurements of crown con-

centricity and two point out-of-roundness.

The static measuring function appeared entirely satisfactory but difficulty

was experienced as an attempt to obtain the dynamic measurement was made.

As the rubber covered wheel rotated the sample roller, several malfunctions

were noted. One malfunction resulted from small particles of rubber that

rubbed off the wheel and were drawn under the roller thereby causing very

erratic roller motion. A second more serious problem was caused by the tung-

sten carbide plasma sprayed wear surface coatings on the 900 "V" block. Even

though the surfaces were lapped to at least an 8 pi finish, the porous nature

of the surface resulted in severe scoring of the rollers flat cylindrical area.

Two less serious functional problems with the radial gage module were also

identified during this portion of the evaluation test. One difficulty was

the inability to provide a constant rotating force on the rollers when the

roller rotating wheel was hand operated. A second difficulty resulted from a

less than ideal location of the wheel tangent point of the sample bearing

roller. When the roller rotating assembly was in its operating position

stick-slip rotation of the roller resulted.

83



All the difficulties with the functional performance of the gage were easily

remedied as indicated by the following list of corrective procedures.

The rubber covered wheel, used to rotate the roller undergoing

inspection was replaced by a wheel employing a silicon rubber

0-ring. This change improved the roller wheel traction and

eliminated rubber particles from interfering with the in-

spection process.

9 The tungsten carbide plasma sprayed wear surfaces on the 90*

"V" gaging block were repaired by removing the plasma spray

and replacing it with sintered tungsten carbide blocks. These

blocks were then ground and lapped flat to 8 p rms. After the

rework of the gaging block, damage to the roller no longer occurred.

* A clock motor was added to the roller rotating mechanism to

eliminate the erratic rotation caused by hand operation.

e The roller rotating mechanism support bracket mounting holes

were elongated to permit position adjustment.

A photograph of the modified radial/axial gage module is shown as Figure 31.

Identified in the photograph is the new silicone rubber 0-ring driving wheel

and a new driving belt along with a reduction gear for the drive motor. A

second photograph, Figure 32, shows the installation of the drive motor.

A functional check was performed on the radial/axial gage assembly after the

modifications were completed. No apparent malfunctions of the gage were

noted; the corrective procedures had eliminated all the previously noted

difficulties. The satisfactory completion of the function check permitted

the initiation of the repeatability portion of the gage evaluation.

Repeatability Check

In the evaluation of breadboard gage repeatability, more emphasis is

placed on the standard deviation of the measurement data than on the mean

value obtained. The reasoning behind this concentration on the standard

deviation is based on the following argument. When making precision measure-

ments, more confidence can be placed on the measurement results if the repeat-

ability of the gage is established since the operator can be assured the

readings taken at one time will be duplicated by data taken at a later time.
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The absolute accuracy of the gage, however, depends primarily on the ability

to establish an accurate calibration technique, which once set can be

repeated with confidence. In the course of the functional checks it became

apparent that the absolute calibration of the gages would be difficult since

special, high-quality gaging rollers of exact diameter would be required.

Rather than have the program delayed because of gage roller procurement,

commonly available gage blocks were used for in-place calibration.

The first data taken on the radial configuration of the radial/axial module

were what will be referred to as static measurements, i.e., those measurements

taken without the need to rotate the roller. These data include:

e Diameter

* Crown drop

* OD Taper

a Length

For the static measurements extreme care was taken to assure that the roller

was identically placed in the gage.

The second set of data taken will be referred to as dynamic data; i.e.,that

data which must be taken while the roller is being rotated in the gage.

These data include:

* 2 point out-of-roundness

* Crown Concentricity

e End Parallelism

a End Runout

In all evaluation tests the comparison will be made between data taken on the

breadboard with data taken with conventional gages ny a military aircraft

turbine engine bearing manufacturer.

Only evaluation data for the roller diameter and crown drop measurements are

tabulated and included in this report. The evaluation of all the other

characteristics has been performed but only the results will be presented.

The data will remain on file and can be provided as required.
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The repeatability evaluation of the radial/axial breadboard gage required

that it be compared with the manual gaging. Proof of repeatability will con-

sist of obtaining the same reading on each set of rollers as obtained by

conventional gaging methods. Since the conventional gage and the breadboard

gage will be similarly set-up mechanically, it would seem that comparison of

a set of measurements would be sufficient.

Unfortunately, the situation is not that simple. It is well known that suc-

cessive readings on the manual gage do not usually give the same result.

Theoretically, the dimensions of a single roller are fixed. The measured

dimensions vary from this value for a number reasons, such as:

9 Small local roller variations

* Variations in operator handling

* Inability to set the roller at the true gaging position for

each measurement.

* Temperature

For these reasons, measurements on a single roller vary from reading to read-

ing and have a statistical behavior. If a large number of readings are taken,

there will be a mean value, M, and a standard deviation from the mean, 0,

representing the spread of the data that can be calculated.

S

In view of this statistical behavior of roller measurements, where a may be

significant, successive readings are likely to differ. Consequently, compar-

ison between the breadboard gage and the presently used gages based on a single

set of readings cannot be expected to be meaningful as proof of the performance

of the automatic gage.

A meaningful comparison can be made by making a large number of measurements,

N, on both the manual and breadboard gages from which the following can bL

calculated:

Mp "p for the manual gage

MB OB for the automatic gage
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If the two measurement systems are identical, then M. will be almost id3ntical

to Mp, differing only by the amount that can be expected to result from two

samples of size N taken from the same distribution with a standard deviation

o. This is given by:

(Hs - s t ) 2-
,M t( 0 .0 2 5 , N-l)

with 95 percent probability. Similarly, the standard deviations will also be

almost identical, differing only by:

2 _a < 2 ;2_ 1
(N--, 975) (N-1, 0.025)

with 95 percent probability. Here t and X2 are the variables from the stand-

ard t and X2 distributions.

If MB is significantly different than Mp, then one would look for errors in

the breadboard gage. For example, are the sensor calibrations accurate? If

aB is significantly larger than up, greater variability of the breadboard

gage would be indicated.

For the repeatability determination, 100 measurements of a single roller for

each characteristic listed on Table 1 were obtained on presently used gages.

The mean thus obtained will be within 0.45 a of the true mean with a 95% prob-

ability. In this way, the intrinsic statistical behavior of a roller in the

conventional gages will be determined.

For evaluation in the breadboard gage the identical procedure was followed.

Comparisons were then made using the analysis found in Appendix A.

The results for the static roller measurements are shown in Table 17, with

tabulated data for the roller diameter and crown drop shown on Tables 18 and

19. The differences in mean valves found by examining Tables 18 and 19 are

to be expected since each data set was taken with a different roller. A

different roller was used because the one used for conventional measurements
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TABLE 17

TABULATED RESULTS

AXIAL/RADIAL BREADBOARD GAGE

REPEATABILITY EVALUATION

"Static" Measurements

Number of Samples: 100

Mean Value: Within 0.45 a of True Mean with
a Probability of 95%

Standard Deviation

Characteristic Breadboard Conventional

Diameter 3.9 x 10 - 6  9.6 x 10 - 6

Crown Drop 6.7 x 10-
6  6.0 x 10 - 6

Length 13.0 x 10
-6  4.8 x 10 - 6

O.D Taper 5.7 x 10-6 5.6 x 10 - 6
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TABLE 18

ROLLER OUTER DIAMETER MEASUREMENT

BREADBOARD GAGE EVALUATION

Iii

SPEC IMEN CONVENT IONAL BREADBOARD
RANK

ORDER

I .629990E+00 #629677E+00
2 .629990E+O0 .629679E+00
3 .629980E+00 .629680E+00
4 *629990E+00 .629675E+00
5 *63 O000E+O0 .6296130E:+O0
6 °629980E+O0 .629677E+00
7 .629980E+00 .629613E00
8 ,630000E+00 *629685E+00
9 i629990E+00 .629676E400

10 .630000E+00 ,629679E+00
11 .630000E+00 .629679E+00
12 *629990E 00 *629675E+00
13 .630000E+00 *629679E-00
14 .629990E+00 .629679E+00
15 .629980E+00 *629676E+00
16 4629980E+00 0629678E+00
17 *629980E+00 #629676E+00
18 *629990E+00 #629674E+00
19 o629990E+00 .629674E+00
20 .629980E+00 0629675E+00
21 .629980E+00 0629676E+00
22 .629990E+00 .629671E+00
23 .629980E+00 .629673E+00
24 .629990E+00 .629677E+00
25 .629990E+00 #629674E+00
26 .630000E+O0 +629677E+00
2"7 .629990E+00 *629675E+00
28 .630000E+00 *629674E+00
29 .629990E+O0 .629674E+00
30 .630000E+0o •629673E+00
31 .629990"E+00 *629673E+00
32 .629990E+00 .629677E+00
33 ,629990E+00 •629672E+00
34 .629990E+00 9629673E+00
35 .629990E+00 *629673E+00
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TABLE 18 cont'd.

36 *629970E+00 .629679E+00
37 *629980E+0O *629673E+O0
38 *629980E+O0 *629672E+00
39 .629980E+00 *629672E+O0
40 *629990E+00 .629680E+00
41 *6299S80E+00 *629674E+0O
42 .6,19990E+00 .629674E+00
43 *629990E+0O 062967 E+O0
44 .630000E+00 *629671E+00
45 .630000E+O0 .629671E+00
46 9629990E+00 *629672E+OO
47 .629970E+0OO *629674E+0O
48 *629970E-+00 .629674E+00
49 .629980E+00 *629673E+0O
50 *629980E+00 .629671E+00
51 *630000E+0O *.629675E+OO
52 *6299B0E+00O .629671E+00
53 .629980E+00 *629674E+00
54 .629980E+0O .629673E+00
55 *629980E+0O *629672E+0O
56 .629980E+06 .629672E+00
57 ,629980E+00 *629669E+0O
58 .629990E+00 .629673E+00
59 .629990E+00 .629674E+00
60 .629990E+00 *629674E+00O
61 ~ 629990E+00 .629670E+00
62 *629970E+00 .629671E+00
63 *62998-PE+0O *.629671E+00
64 *629990E+00 *629673E+00
65 .630000E+00 *629672E+.00
66 .629990E+0OO .629673E+00
67 .630000E+00 *629672E+O
68 .629990E+00 *629673E+00
69 .629990t+00 *629670E+00
70 .629990E+00 #629671IE+00
71 *629960E+0O .629672E+00
72 ,629965E+0O .629671E+00
73 *629980OE+0O *629670E+0
74 .629965E+00 .629672E+0O
75 .629965E+O0 *629671E+fOO
76 .629965E+00 *629671E+00
77 o629970E+00 *629671E+O0
78 .629986E+0O0 .629670E+OO
79 .629970E+00 .629676E+00
80 *629975E+O0 .629669E+O0
81 *629970E+O0 *629673E+OO
82 .629970E+O0 .629677E+0O
83 *629975E+0O #629677E+00
84 o629970E+00 *629680E+O0
85 *629985E+O0 0629679E+00
86 .629985E+00 #629683E+00
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TABLE 18 cont.

87 *629975E+00 *629682E+00
88 #629985E+00 •629681E+00
89 *629985E+00 #629677E+00
90 .629980E+00 #629679E+00
91 .629985E+O0 0629689E+00
92 .629980E+0O0 629688E+00
93 0629985E+00 .629682E+00
94 #629985E+00 .629678E'1"00
95 .629990E+00 0629674E+00
96 t629980E+OO *629674E+00
97 .629985E+60 .629673E+00
98 ,629980E+00 .629673E+00
99 .629990E+00 0629673E+00

100 ,629995E.fO0 629674E+00

MEAN 6,2998E-01 6,2967E-01
STD DEV 9.5795E-06 3,8799E-06
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TABLE 19

CROWN DROP

BREADBOARD GAGE EVALUATION

I II

SPECIMEN CONVENT IONAL BREADBOARD
RANK

ORDER

I .1415000E'-02 -. 1654335E-02
2 .141 5000E--02 -. 1647711E--02
3 *1410000E--02 -. :1645630E-02
4 .1400000E-02 -* 1656283E-02
5 *1400000E-02 -. 16,47008E-02
6 .1410000E-02 -*1646822E-02
7 .1400000E-02 -. 1655658E-02
8 *1400000E-02 -. 1637322E-.-02
9 *1400000E-02 -. 1648787E-02

10 *1400000E-02 -. 1649982E-02
.1 .1400000E-02 -. 1647952E--02

12 *1410000E-02 -. 1655631E-02
13 , 1400000E-02 -. 1650849E-02
:14 .1400000E-02 -- .1655803E-02
15 ,1405000E-02 .-.1649642E-02
16 •1410000f-.02 -. 1650303E-02
17 .1390000E-02 .-. 1654614E..-02
18 *1390000E--02 -.. 654666E-.02
19 *1400000E-02 -. 1652555E-02
20 .1400000E-02 -. 165235:1E-02
21 *1400000E-02 .-. 1 657636E--02
22 *1400000E-02 -. 1660191E-02
23 .1400000E-02 ,-.1652606E-02
24 *1400000E-02 -.1654120E-02
25 *1400000E-02 -. 1653922E-02
26 *1400000E--02 --°1651640E-02
27 .i400000E.--02 -. 1650954E'-02
28 *1400000E-02 -.1655804E-02
29 *1390000E-02 -. 1653657E-02
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TABLE 19 (cont'd)

30 *1400000E-02 -,1653523E-02
.31 *1L4000OOE--02 -. 1658236E-02
32 *1400000E-02 -. 1652089E-02
33 ,1400000E-02 -,1650798E--02
34 .1410000E-02 -#1652835E--02
35 .1410000E-02 -. 1651456E-02
36 ,:14:LOOOOE-02 -*1644254E--02
37 *1L4:LOOOOE*-02 -.i649155E--02'
38 41410000E--02 .-.1657211E-02
39 .:L4100OOE-02 -. 1652257E-02
40 .1410000E-02 -.16442:15E-02
41 * 1410000E-02 -- * 1652838E-02
42 *1410000E-02 -*1652728E--02
43 .1410000OE-02 -. #1657333E--02
44 #141LOOOOE-02 -,1664246E--02
45 *1412500E-02 -. 165561SE-02
46 .1412500E.-02 -. 1L657426E-02
47 ,14:12500OE-02 -,1655706E-02
48 .1410000E-02 -. 1657534E--02
49 .:1410000E.-02 -,1649560E-02
50 .:14100OOE--02 --. 1667501E--02
51 *1410000E-02 -,1654917E-02
52 .:1410000E--02 -,1655046E-02
53 *1410000E-02 -. 1657176E-02
54 .14:10000E.-02 -. 1650896E--02
55 .1410000E--02 -- .1650307E--02
56 .14J.1OOOE-02 -. 1.649(345E-02
57 *1410000E-02 -,1661658E-02
58 .1L410OOOE-02 -. 1655E899E--02
59 .1410000E-02 -.1649620E-02
60 .:L410000E*.-02 -. 1647774E--02
61 #1L41LOOOE-02 -. 165795BE-02
62 .:[410000E'-02 -. 1L654221E-02
63 .1410000OE.-02 -,i165"4117E-02
64 ,14100001::-02 -,1651653E-02
65 .1410000E--02 -. 1654922E-02
66 *1410000E-:-02 -. 1648440E-02
67 *1410000E-02 -*1656860E-02
68 *1400000E-02 -. :653406E-02
69 .1400000E--02 ..1-165599E-02
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TABLE 19 (Cont'd)

70 .1390000E-02 -. 1654013E-02
71 .1400000E-02 -*1650947E--02
72 *1395000E-02 -*1653909E-02
73 .1400000E-02 -. 16581O0E-02
74 *1395fQ00E-02 -. 1.656029E--02
75 *1400000E-02 -. 1653004E-02
76 .1400000E-02 -. 1650517E-02
77 .140000,OE-02 -. 1652456E7-02
78 *1400000E-02 -. 1657940E--02
'79 .1400000E-02 -. 1644898E-02
80 *1400000E-02 --. 1656870E-02
81 .1400000E-02 -. 1651840E-02
82 .1400000E-02 -. 1651732E-02
83 *1400000E--02 -. 1644029E--02
84 *1400000E-02 -. 1640387E-02
85 .1400000E--02 -*1636864E--02
86 *1400000E-02 -. 1631620E--02
87 *1400000E-02 -. 163301.2E-02
88 .1400000E-02 -. 1636903E-02
89 *:400000E-02 -. 1641192E-02
90 .1400000E-02 -. 1637885E-02
91L *140000GE-02 -. 1.636097E-02
92 .1400000E--02 -. #1629698E--02
93 * 1400000E-02 -, 163885 1E-02
94 .1400000E-02 -. *1645504E--02
95. *1400000E-02 -. 1650992E--02
96 .1400000E-02 -. 1648599E-02
97 .1400000E--02 --.. 1650471E--02
98 .1.4000O0E--02 *--1650084E-02
99 *1400000E-02 -,1647425E-02

100 .1L400000E-02 -,1:644642E-02

MEAN 1.4037E--03 --1.65IOE-03
srD DE&J 5.951I1E-06 -6*7077E-06



was not available for use with the breadboard gages. The important parameter

to consider, however, is the standard deviation a which is an indication of

the gage repeatability. The data from the breadboard gage for roller diameter

shows a considerably lower standard deviation of 0-3.9 x 10 inch as com-

-6pared to a-9.6 x 10 inch for the conventional gage. This indicates that a

very repeatable roller diameter measurement can be made on the breadboard

gage concept.

The next data examined were for determining the repeatability of the crown drop

measurement. The breadboard evaluation data were obtained from the difference

in the readings of probes A & B of Figure 19.

For these data the breadboard gage performed almost as well as the conventional
-6

gage; the breadboard data having a a of 6.7 x 10 as compared to the conven-

tional gage data's a of 6.0 x 10-6 . The difference in a valves is exceedingly

small however, so that the ability of the breadboard gage to provide repeat-

able crown drop data must be considered satisfactory.

The third roller characteristic measured and evaluated was the roller outer

diameter taper. The measurement was taken by recording the difference be-

tween the two adjacent diameter reading probes (probes B & C on Figure 19).

For these tests the breadboard gage data showed a standard deviation of

5.7 x 10 compared to a conventional gage standard deviation of 5.6 x 106

which is a favorable comparison.

The fourth and last static measurement taken on the axial/radial breadboard

gage was that of roller length. For these data, a strip chart recording was

taken while dynamic data were also being recorded. The chart calibration of

0.0001 in/div was used. A sample of the typical data is shown in Figure 33.

The standard deviation of the length measurement data was a 
high 13 x 10

- 6

inch, compared to the conventionally obtained roller length data of 4.8 
x .0-6

inch. The larger deviation of the breadboard results for the roller length

measurement is in part the result of strip charting recording with little pen

damping. The measurement results, however, are still within acceptable limits

of the required measurement tolerance of 200 x 10- 6 inch.
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Repeatability measurements of the four roller characteristics comprising the

"dynamic" roller characteristics are listed in Table 20. For all but one

characteristic the breadboard module did not produce inspection data with the

same repeatability as that obtained by conventional means. The repeatability,

however, was well within the acceptable tolerance levels. The one charac-

teristic measurement performed on the breadboard gage which compares favorably

with the conventional measurement is the two point out-of-roundness. The

repeatability of this measurement is better than that produced by the conven-

tional gage and, therefore, is also within acceptable limits when compared

to the precision of the roller tolerance requirement for which the measure-

ment is made.

The deviation shown by the end parallel data (4.8 x 10-6), somewhat larger
-6

than that exhibited by the conventional gage (0.9 x 10-), is still small

enough to assure accurate measurement of that characteristic.

The standard deviation of the crown concentricity measurement produced by the

breadboard gage cannot be compared to that resulting from measurements taken

by conventional means since no usable conventional data are available. The

conventional data were listed as being less than a specific number rather

than as a quantitative value.

The remaining data item shown on Table 20 is end runout. For this roller

characteristic, the standard deviation of the breadboard gage (12 x 10-6 )

is almost 2-1/2 times that of the conventional gage 
data (5.3 x 10 -6),

resulting in a somewhat poorer showing for the repeatability of the bread-

board gage when measuring this characteristic. The data for this character-

istic measurement, as per the roller length, were taken from strip chart

recordings. This recording was made with little or no pen damping and

provided data which required interpretation by the person reducing the

data leading to possible errors in establishing the dimension of the

charted curve envelope.

The errors associated with manual data determination will be eliminated by

the electronic data logging and computor function to be used in the automated

gage, thereby producing more repeatable measurements.
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TABLE 20

TABULATED RESULTS

AXIAL/RADIAL BREADBOARD GAGE

REPEATABILITY EVALUATION

"Dynamic" Measurements

Number of Samples: 100

Mean Value: Within 0.45 o of True Mean with
a Probability of 95%

Standard Deviation

Characteristic Breadboard Conventional

2 Point O/R 2.4 x 106 3.0 x 10 - 6

Crown Concen. 14 x 10- 6  Not Available

End Parallel 4.8 x 10 - 6  0.9 x 10-6

End Runout 12 x 10-6 5.3 x 10 - 6

100



Measurement Evaluat ion

At the conclusion of the repeatability test, several rollers in each of the

two sizes, (16 mm and 7 mm), were measured in the breadboard module. These

data can be compared to similar data taken by conventional gaging techniques.

The results of both conventional and breadboard gaging are shown in Table 21.

The method of obtaining the breadboard evaluation data followed the procedure

for obtaining the repeatability data and shows acceptable agreement with

conventionally obtained data.

An identification problem developed at the start of the measurement evalua-

tion, and as a result, less than 25 rollers in each size were measured. The

identification of many rollers was established by attaching a self-sticking

numbered label to individually wrapped rollers. During the course of handl-

ing the rollers, several labels became detached from their respective packets

causing a total loss of roller identity.

The most critical parameter to be established in the direct measurement of

rollers is the calibration of the sensors used. In the case of the radial/

axial module, the probes used were calibrated in place by inserting gaging

blocks of known thickness under each radial probe and between the two axial

probes. This calibration technique, although entirely satisfactory for the

axial probes, can introduce measurement errors for the radial probes because

the capacitance formed by the probe sensing tip and the target is no longer

obtained from two parallel surfaces but from one flat surface and a cylindri-

cal surface. (See Appendix C.) Cylindrical plug gages were not obtainable

with sufficient accuracy to be used as calibration gages; therefore some

differences between conventional and breadboard measurements should be

expected from this cause. Given sufficient incentive, the desired plug gages

could be obtained from a bearing manufacturer's own shop thereby eliminating

any calibration doubt.

The measurements obtained from the breadboard show sufficient accuracy and

agreement to justify proceding to the prototype gage design.

101



-77-

*0
a t

41 as
-A 'D Um 0an ~ 'A A t n .N'II

o A o A

414

0 m000400a00 0 0

IaA W. ON9 l
lo A o A .%aM #'

,4 W% w-W

4m l i I ! 1
A~ 0 0 0~~wq 0 0N

'o0 p '
w t4 f f 4 .do

000

a,4 e4m 4
r4.- ek '0

u I ' C C U)N 'C4 N 4 0 N 4 0%U102 0 %



Ia -

0.0'

0-

a -

A14 0

go 0

E-4 ~~~ ga's C;00

- mc,

4e1
0 n0 00

w0

a 4

O 0

cm

N~~5 I 0 - O fN e f' O f 9f9-
id. R m ~ e O e 9 e f4 f4 f e m f9 m f9 f9 4f 1 e F

o 14 O O O O O f f f f f f f f Of OfOfOfO103OfO



3. Contour Gage Module Evaluation

The evaluation of the contour gage module pictured in Figure 30 followed

the radial/axial evaluation and was conducted in a similar manner. Three

separate tests were performed on this module according to the test plan.

These tests are described in the following report sections.

Functional Check

The functional check of the contour gage module was performed in the same

manner as the check performed on the radial/axial module. A roller was

placed in the gaging position and all the operations necessary to perform the

contour inspection were performed. As expected, the same malfunctions which

turned up on the radial/axial module appeared on the contour gage module.

These malfunctions included:

" Debris from the rubber-covered wheel caused erratic roller

movement

" Tungsten carbide plasma spray surface on the "V' block

damaged the roller's outer diameter

* Hand-wheel rotation of the roller was erratic

The same corrective procedures were applied to the contour gage module as

were sucessfully used on the radial/axial gage module. These procedures

were:

" The rubber covered wheel, used to rotate the roller under-

going inspection, was replaced by a wheel employing a silicon

rubber O-ring.

" The tungsten carbide plasma sprayed wear surfaces on the 90*

"V" gaging block were replaced with sintered tungsten carbide

blocks. These blocks were then ground and lapped flat to an

8 V rms finish.

e A clock motor was added to the roller rotating mechanism.

A photograph of the modified contour gage module is shown as Figure 34.

Identified in the photograph is the new silicone rubber O-ring roller
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rotation wheel, and the rotator motor. The tungsten carbide blocks,

although installed are not visable under the micrometer shaft.

The successful completion of the functional check modifications permitted

continuation of the test plan with the initiation of the repeatability

evaluation of the contour gage module.

Repeatability Evaluation

The repeatability evaluation of the contour module was performed by success-

fully scanning the test roller over a significant portion of the diode

array. The scanning process produced a diode count for every horizontal

position of the roller within the diode field of view. A 13-step scan,

taken at a horizontal translation increment of 0.25 mm, was used and

repeated 25 times. The resulting data were statistically analyzed to pro-

vide the mean and standard deviation of the diode count data at each incre-

mental position.

At the conclusion of the scanning evaluation, a roller was positioned in the

line scan camera's field of view so that diode array looked at the high

point of the roller's corner. The roller rotate wheel was then lowered into

position and the roller rotated to evaluate the line scan camera's ability

to measure corner runout.

The results of both the scan and runout evaluations are shown on Table 22.

The standard deviation for the measurement of contour shows a sigma of 1.0

or less which means that the contour data's standard deviation is one diode

count or less. This correspbnds to a dimensional a of 43 x 10- 6 inch which

should be entirely adequate for contour tolerance measurements. A similar

result was obtained for the corner runout measurement where the a was 33 x 10
- 6

or 0.77 of a diode count.

Conventional measurement techniques showed a a - 4.9 x 10-6 in. for corner

runout and a a - 5.48 x 10 - 3 in. for the flat centrally. Corner breakout

dimensions obtained by conventional inspection techniques were shown as

having no deviation.
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TABLE 22

REPUATABILITY EVALUATION DATA

CONTOUR GAGE )K)DULE

Curve Plotting

Horizontal Translat iofl*
-Axial Position Fixed Mean Diode Count C**(Diade Count)

1 1109 .78

2 1307 .91

3 1480 .70

4 1600 1.0

45 1652 .28

6 1664 .27

7 1652 .37

8 1584 1.0

9 1388 .65

10 1172 .49

11 952 .44

12 734 .65

13 515 .93

Corner Runout

Standard Deviation
Line Scan Camera Cnetional

-6 nI ::vn -6
33 x10 in. 49 10 in.

N - 100, Mean will be 0.45 a of True Mean

with 95 Percent Probability

*Each horizontal translation increment 0.25 m.

**Each diode count equivalent to 43 x 10-6 inch.
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The procedure described on the previous page produced data directly related

to the repeatability of the contour gages scanning process. This procedure

was selected as an alternate to the complete repetitive measurement of a

roller contour since the long and elaborate data collection and reduction

effort required by manual data acquisition methods would not provide data

any more effective than those described.

Measurement Evaluation

Each of the two roller lots previously measured for radial and axial dimen-

sions were measured for contour in this phase of the contour gage module

evaluation. The extreme amount of time required to manually collect and

interpret the contour data was instrumental in arriving at the decision to

measure only one rather than both ends of all rollers. This decision led

to problems in data comparison because rollers measured by conventional

means at a bearing manufacture's inspection facility, although identified

by serial number, were not identified as to end location (which corner

data related to which roller end). As a result, the measurement data cannot

be directly related to a roller end; the data however should agree as to

magnitude when related to one of the two end choices.

The procedure used in establishing the contour dimensions was identical to

that described in section IV-4. The use of this procedure permitted the

collection of data outlining a roller end, its corner and crown and a por-

tion of its central straight cylindrical section. Figures 35 and 36 show

the typical roller contour results obtained on the contour gage module.

The method used to determine roller contour characteristic dimensions was as

follows:

. A line was drawn through the roller end data points estab-

lishing the roller end contour.

9 A second line, perpendicular to the first line, was drawn

through the data points defining the roller's straight cylin-

drical section.
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o From the data points defining the roller corner, the loca-
tion of where a curved line fitting these data and the lines

through the end and crown data is estimated.

9 In addition where a curved line representing the crown data

intersects the straight cylindrical section is also estimated.

Actual roller characteristic dimensions such as corner breakout and the lo-

cation of the straight cylindrical portion are obtained from the estimated

location of the various roller curves relative to the two orthogonal lines

originally drawn. In the case of the length and centrality of the central

straight portion of the roller, the dimension actually measured is from the

roller end to the cylindrical section. The centrality would be determined

from the differences of dimension when measured from both roller ends. The

length of the cylindrical section would be arrived at by subtracting the sum

of the two measurements from the known roller length.

The above procedure was followed for each roller with the results listed on

Table 23. For comparison, the contour data established by conventional in-

spection methods are also listed.

The corner runout of each roller was also measured by the method established

in the Contour Measurement Gage Description portion of section IV. The

results of these measurements is shown on Table 24.

Each of the readings listed for the contour gage evaluation requires visual

interpretation of plotted data to establish the necessary roller dimensions.

The probability of obtaining this interpretation manually with a high degree

of accuracy is not high. The reasonably close agreement between the bread-

board and conventional data is in part a direct function of the care used in

the manual data reduction. A significant cause for the differences between

breadboard and conventional contour data is discussed herein.

A reason for contour data differences between conventional and breadboard in-

spection methods is related to the actual profile of the roller's corner

radius. In both the 16 mm and the 7 mm roller the corner is not a true rad-

ius but rather a nearly straight chamfer blended by small radii into the
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TABLE 24

ROLLER CORNER RUNOUT MEASUREMENTS

-All Dimensions in 10-4 Inch -

7 mm Dia 16 -m Dia

S/N Breadboard Conventional S/N Breadboard Conventional

3 5.9 6.0 97 3.8 1.5

4 4.2 4.0 98 6.7 3.0

5 7.6 6.0 99 3.8 2.5

6 4.2 4.0 100 2.1 3.0

7 4.7 9.0 101 4.6 4.0

9 5.1 4.5 102 5.5 4.0

10 4.2 4.0 103 1.7 2.0

11 5.1 6.0 104 5.0 4.0

12 6.8 6.0 105 2.1 3.0

13 3.8 3.0 106 3.8 3.5

14 7.2 7.0 107 2.5 4.0

16 8.4 6.0 108 4.2 4.0

17 5.5 4.5 109 2.1 2.0

18 5.9 3.5 110 3.4 4.0

19 6.7 5.0 il 5.5 5.0

20 4.7 5.0 112 25.0 30.0

21 3.0 5.0 113 6.7 6.0

23 4.2 5.5 114 4.2 4.0

25 5.1 5.0 115 6.3 5.0

27 5.5 5.0 116 6.3 4.0

117 2.5 5.5

118 3.8 4.0

119 3.4 4.0

120 4.6 5.0

121 5.5 4.0
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roller's end and crown. There is no reason to believe that the intersection

of the radii with both the roller end and crown will track as a true circle

when looking at the roller end or will lie in a plane perpendicular to the

rollers longitudinal axis in the case of the crown intersection. The actual

corner breakout locations will, therefore, depend on the circumferential

location on which they are measured.

The corner runout measurement would also suffer from this problem, since the

exact location of where the runout is taken will affect the runout data.

Since there is no practical method of establishing the exact circumferential

location for taking both the conventional and breadboard data, differences

in data should be expected.

The contour data arrived at by use of the breadboard gage is accurate enough

to conclude that development of a prototype gage using the breadboard gage

inspection principles should proceed. The use of analytically computed

intersection data obtained from least square fit calculated contour curves

should significantly improve the data accuracy.
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SECTION VI

PROTOTYPE AUTOMATIC GAGE DESIGN

The successful conclusion of the breadboard gage evaluation confirmed the ade-

quacy of the basic design philosophy. From that point the design of automated

gages proceeded. As a minimum, it was determined that each of the automatic

gage modules would include computer controlled gaging functions and data analy-

sis for all functions manually performed on the breadboard gages. It was also

established that the axial and radial gages would be combined into a single gage

to minimize their operating complexity, and that no transfer or sorting func-

tions would be designed.

The decision not to provide for transfer between modules or for sorting of fully

inspected rollers was based on the cost effectiveness study. This study in-

dicated that the added expense for those functions would inhibit roller manu-

facturers and users from procuring the gage and not substantially improve its

usability. In the following subsection, the cost effectiveness study is dis-

cussed. The final prototype automatic gages are discussed in subsequent sections.

1. Cost Effectiveness Study

The need of a manufacturer or user of quality machine parts, such as bearing

rollers, to obtain some level of economic justification before acquiring new

and expensive inspection equipment requires that studies be performed by the

equipment supplier. These studies must prove that the new machine will provide

an improvement in either quality, cost or both before the final equipment con-

figuration is established.

In order to establish the need for automated gages, several facts must be as-

certained. One is the production rate of rollers for which 100 percent inspec-

tion is required. The remaining required information includes the production

rate of rollers for which sampling inspection techniques are now employed,

the present cost of inspection on a per unit basis, and the desire or

ability of manufacturers or users to make the capital investment necessary

to acquire automated inspection equipment.
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In an attempt to develop the cost and production factors necessary to establish

the automation level which is economically justifiable, contact was made with

both suppliers and users of military aircraft roller bearings. No production

or usage rates or costs were made available by anyone with the exception of the

Air Force ALC's. In the case of roller bearing suppliers, proprietary reasons

were given for not divulging cost figures; bearing users such as engine manu-

facturers, cited Air Force restrictions as the reason for not providing such

data.

Additionally, in many inspection facilities,costs attributed to a specific in-

spection operation are not maintained since the overall cost for maintaining

and operating such a facility is already part of a factory's overhead account.

This means that along with a company's natural reluctance to divulge produc-

tion or cost data, the actual cost of a specific inspection process, which is

part of a much broader inspection operation, may not even exist.

To circumvent the restricted availability of roller inspection cost and pro-

duction data quotations obtained from bearing manufacturers to inspect

specific rollers were used to establish unit inspection costs.

Inspection Costs

Although inspection costs billed to a customer can be established, it is

practically impossible to estimate capital investment costs. Each bearing

manufacturer or user tends to develop nonstandard gage fixtures which are

employed on many roller sizes. Prorating these costs is possible, but the

basic dollar value of the investment is both unknown and unobtainable.

The only benchmarks for inspection cost which were billable to a customer

were two inspection procurements by MTI and one inspection estimate which was

not purchased. Table 25 indicates the level of cost actually experienced.

From the data included in this table, it is estimated that the expense of

inspecting rollers was somewhere near $100 per roller. The lowest cost paid

was felt to be under bid and was not weighed as high as the other two

figures.
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TABLE 25

Roller Inspection Costs

Roller No. of Rollers Type of
Size Inspected Inspection Total Cost Cost/Roller

16mm 100 consecutive $44000 $ 44.00
measurements on
one roller each of

12 characteristics

16 mm 12 characteristics $11203 $ 22.40

25 each size on 25 rollers in-
cludes cost of 25

7 mm* 7 mm rollers $35400S $142.00

* 7 mm rollers were not required to be suitable for bearing installation,

only the inspection data was required

a Vendor #1 - 100 consecutive measurement on each of 12 characteristics.
Only one side of roller was measured.

b Vendor #2 - All characteristics on 25 rollers of two sizes.

c Vendor #1 - All characteristics on 25 16 mm rollers.
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Production Rates

A typical military aircraft turbine engine bearing production lot will most

likely consist of 100 to 200 bearings with each containing 25 to 35 rollers.

Assuming that the attrition rate for roller inspection is 50 percent, a

production lot of 10,000-14,000 rollers will be inspected. It is very

likely that the automated gage throughput will be 2 min/roller; at this

rate, the entire bearing lot of rollers would be inspected in 2.9 weeks.

If additional lots of the same roller size or other roller sizes could be

100 percent inspected effectively, the long idle time, which would make

investment in an expensive automatic gage difficult to justify could be

overcome. Even accepting the fact that estimates are off by 100 percent

still leaves the automatic gage for a considerable period of time to inspect

more than one roller size.

When considering the tooling changes and recalibrations which would result

from roller size changes, it appears prudent to minimize the final gage cost

as much as practical. In relation to investment cost, bearing manufacturers

were asked what cost limit should be set on the automatic gages to make pro-

curement attractive. Unfortunately, no answer was forthcoming. The con-

clusion as to ultimate cost, therefore, is based on work completed under

Air Force Contract 33615-72-C-1226 which produced an automated radial play

gage for miniature ball bearings. The production cost that turned out to

be unacceptable was $50,000 to $70,000 per unit.

In summary, the present cost of inspecting military aircraft turbine engine

bearing rollers is sufficiently high to warrant improving the inspection

process. The present roller production requirements, however, along with

what has appeared in the past to be a reluctance of manufacturers to heavily

invest in new inspection equipment, precludes the construction of the ultimate

all inclusive automated roller gage.

From a cost effective standpoint, therefore, the semi-automated gage is con-

sidered the most appropriate design. In this design, rollers are manually

loaded into a gaging module at which time the complete gaging cycle is performed

automatically. These modules will be designed in a configuration which will
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permit the easy addition of automatic transfer and sorting functions should

industry acceptance and revised production rates indicate the need for less

operator intervention in the gaging process.

2. Radial/Axial Gage Module Prototype

Drawing 633E001, listed as Figure 37, and the parts list PL633EO01, presented

in Appendix D, comprise the final prototype design for the axial/radial

module of the automatic roller inspection system. A description of how the

design was arrived at and how the gage functions is presented in this sec-

tion. By definition the function of the prototype design for this module

is to automatically place a roller in the gaging position, provide all the

measurement manipulations and then to remove the roller from the gaging

position. The design goals established for the module were:

" Minimum number of changeover parts and adjustments for

roller size change

* Ease and reliability of operator loading

* Accessability of automation mechanisms for adjustment

" Reduction of precision motions in handling the roller so

that the mechanism does not require fine tuning

" Use of standard commercial components whenever possible

" Minimal use of precision fabricated components

The basic module design is described as follows:

* Operating Cycle

The roller to be measured is placed in bearing holder ® by

an operator. The operator then presses a cycle start button which

causes the following Aiutomatic events. The traction wheel

is lifted, the end loading shaft 6 is retracted, and the roller

is transported into the "V" block. The end shaft is then

loaded against the bearing, and the traction wheel is energized.

The roller then is revolved for a predetermined initial time.

Measurement of the roller bearing then takes place and data are

logged into the computer. When the measurement cycle is complete
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the traction wheel is automatically lifted, the roller end po-

sitioning shaft @ is retracted and the roller is transferred

to the operator load position. This concludes the machine cycle

and it is now ready for the next roller loading by the operator.

9 Description of Machine Elements

- Vertical Probe Holders - A vertical probe bracket 6 is

held in place by two socket head screws 03. This bracket

holds a maximum of four capacitance probes which are an integral

part of the vertical probe holders @. The probe holders

are maintained in position by means of a vertical probe spacer

@ which is a change part special for each roller length.

The vertical probe holders © are spaced by sliding them

on the probe holder shaft @, and then are locked in place

with the probe spacer @ as described previously. The

vertical probe holder is repositioned vertically for dif-

ferent roller diameters by changing the vertical probe spacer 6

Axial Probe Holders - The right-hand angle block7 is

adjustable and is held in position by clamping screws @_

This block and block G , the left-hand angle block, contain

the axial probe holders & which can be revolved to position

the axial probe circumferentially with reference to the roller

bearing diameter. This repositioning is accomplished by

loosening the motor mount cleat 0 and moving the probe

holder which is expedited by pushing against roll pin

Scribe lines on probe holder item 0 are used for initial

probe alignment.

End Shaft Loading Mechanism - The end shaft 0 is loaded

against the bearing end by motion of the end pin lever

This lever supports the end pin holder @ and shaft

During the loading cycle, cam 0 pushes the end pin actu-

ator arm 1 which results in a vertical motion of the

Vlier plunger 79 This vertical motion raises the end pin

actuator arm®, resulting in retraction of the end pin
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lever End pin weight 08 is adjustable on shaft 62)

for bearing end loading.

- Traction Motor Lift Mechanism - While a roller is being loaded,

cam @ activates push rod @ which pushes the pivoted motor

bracket @ and lifts traction drive out of the way. An

eccentric traction drive pivot rod 0 and eccentric bushing

O are provided for changing the traction wheel point of

contact on the roller. The traction wheel is driven by a timing

motor 6 which transmits power through a right-angle drive @.

Centering of the traction wheel against the roller in the length-

wise direction is accomplished by repositioning the traction

wheel.

Roller Bearing Loading and Unloading Transport Mechanism - The

bearing is loaded into the roller holder item which then

transports the roller into position on the "V" block. The

roller holder is moved by a loader camDwhich activates loader

lever that in turn imparts motion to the ball slideG. The

loader lever@is spring loaded byDto hold it against the cam.

The final position of the loading device is precisely held by an

adjustable stop screw . Upon entering the "V" block, the roller

is lifted out of the roller holder @3by a very small amount to

prevent any contact between the bearing and the bearing holder

during gaging. This permits the loader to remain in position in

the "V" block during the gaging cycle. After the forward loading

cycle is complete, limit switch (9is actuated to stop the cam

drive timing motor®G

Drive Shaft - All of the automatic motions are generated by cams

securely mounted on a cam shaft The shaft is located at the

rear of the machine which permits easy access for adjustment.

Provision is made for cam timing adjustments by use of slotted cam

bodies which are rotated on hubs and then locked in position.

The mounting of the cam shaft in the rear of the machine permits

an unencumbered loading area for easy operator accesRibility.
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Tooling Change Requirements

The guiding philosophy used in designing this module was to

minimize the tooling changes required when the module is

changed over to different diameter rollers. This is accom-

plished by moving the gaging "V" block on a 450 incline in

the module. The employment of this principle, requires only

five fixture changes for roller diameter changeover.

These changes are:

- Movement of the "V" block( Qby insertion of an appropriate
spacer behind the "V" block.

- Raising the capacitance probes in a vertical direction by

introducing the appropriate spacer G under the probe

vertical bracket

- Adjustment of roller holder @ by changing to appropriate

bearing holder spacer @ .

- Repositioning of axial probe holders

- Adjustment of the right-hand angle block 0"

3. Contour Gage Module

The contour gage module design is shown on Drawing 640E001 which is listed

as Figure 38. The parts list for this module, identified as PL633EO01 is

presented in Appendix E. Figure 38 illustrates the final configuration of

the contour gage portion of the automatic roller inspection system. Follow-

ing is a description of the reasoning behind the particular design selected

and how this roller inspection module functions.

The significant design requirements, such as ease and reliability of operator

loading and minimizing the number and complexity of changeover parts, along

with the other items listed for the radial/axial gage module, were also

applied to the contour module.
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The contour gage module uses the same measurement techniques shown to be

successful in the breadboard evaluation. These techniques include:

9 Back lighting the roller with a collimated light source to

provide a sharp shadow image of the roller.

9 Orienting the line scan camera's diode array vertically to

permit a simple scanning track.

* Orientating the roller to be inspected at an inclination

of 45 degrees to the axis of the diode array to eliminate

the poor resolution which occurs when the roller shadow

crosses the diode at a small angle from the vertical.

Two features added to the automatic gage module, other than the actual auto-

mation mechanisms, which were not included in the breadboard gage are:

e A gas bearing slide on the 45 degree axis to eliminate any

roller sliding during the inclined axis translation.

o Two position encoders, one on the horizontal axis and one on

the 45 degree axis, to replace the micrometers so that slide

position data could be directly read into the system's

computer.

Motions along both axes of the gage module are now supported on gas bearing

slides and the micrometers have been replaced by motors and encoders.

The design of the contour module is described as follows:

* Operating Cycle

The operator places the roller to be inspected in the roller

holder @ and initiates the measurement cycle start by

pushing a start button. Vacuum is then applied to the roller

holder 6 and the loader arm ( is pivoted to load the roller

into the "V" block (DO. The loader arm is driven by motor

and cam
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At the completion of the loaders downward stroke, the limit

switch @ is actuated and appropriate mechanisms shut off

the vacuum and retract the loading arm. At this time the

roller is positioned in the 'V" block against the end stop

mounting block @ and end stop 84.

The traction wheel h which is in the retracted position

during loading is lowered temporarily to rotate the roller

slightly for proper seating in the "V" block.

The computer controlled gage then performs all the gaging

functions necessary to gage the roller according to a pre-

selected schedule according to roller size.

After initial roller seating, the gaging sequence described

in report section IV-4 is automatically performed after which

the loading sequence is activated in reverse to remove the

roller from the gage.

* Description of Machine Elements

The entire gage module is mounted on two externally pressurized

gas bearing slides 8which establishes a stiff frictionless

foundation for the gage. The movable portion of the slides

provides the axis of motion to provide the horizontal scan

capability.

- Horizontal Scan Mechanisms - Motion for the horizontal scan

is provided by a torque motor @ which is energized after

roller loading is complete. The motor turns the scan position-

ing screw 3 which drives the scanning slide 4 via the scan

positioning nut

Note: the positioning nut is not attached to the moving part

of the slide but only pushes against it. Attaching the nut

to the slide would induce moments on the air bearing slide and

interfere with the bearing's effectiveness.
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The slide follows the nut on a return cycle because of a

very slight inclined mounting.

A Farrand Inductosyn position transducer consisting of
scale nsnr is mounted on the slide to provide
position readout. The scale 9 is mounted on the moving

of the slide and the sensor is fixed to the sta-

tionary member of the slide.

Inclined Axis Motion - At the magnification established by

the lens and lens extension tubes@and@the total diode
array of the line scan camera © will have only an approxi-

mate 0.070 in. field of view.

Since this field of view is not large enough to capture the

entire roller, it is necessary to index the roller in steps

and scan between each step. A second frictionless gas

bearing called the index slide @ is provided for this

purpose.

After completion of the initial scan, the roller and the

"V" block are indexed upward at a 450 angle. By rotating

the cam motor 5i which drives the index positioning cam

the index slide is moved. Its position is obtained with

a second Farrand Inductosyn position transducer. The trans-

ducer scale 9 is mounted to the movable member of the in-

dex slide, and the sensor 4 is mounted to the fixed slide

member. Gravity retains the index slide against the index

cam.

Traction Wheel Mechanism - While a roller is being loaded into

the gaging position the traction wheel mechanism is lifted out

of the way. This is accomplished automatically by having the

lift motor 0and attached push rod cam @ activate the

push rod 3 which in turn pivots the traction motor holder
via cam follower 6iQ. At the end of the lift, limit

switch @ is activated, which stops the motor. Upon loading
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a new roller, the motor is reversed and the traction wheel

is lowered to contact the roller.

Energizing the traction wheel motor drives the traction

wheel which revolves the roller.

Traction wheel pressure is adjustable with moveable weight

e Tooling Change Requirements

Simplicity of changeover requirements has guided the design of

the contour gage module. This simplicity is accomplished by

providing a small number of changeover requirements when a

different size roller is inspected.

The new changes required are:

- A new roller holder@ for each diameter change

- A new "V" block spacer @ for each diameter change

- Repositioning of the end stop 84 for each length change

- A repositioning of the traction wheel @ in its holder

with clamp screw @ for each length change.

4. Data Acquistion and Machine Control

Each gaging station contains some combination of position sensing instrumen-

tation that includes either capacitance probes or light sensing diodes and po-

sition encoders. Prom these instruments the information necessary to evaluate

all the required roller characteristics will be obtained, but not in a manner

easily recognized by an operator. In order to convert all the sensor readings

into meaningful data, to provide control over the measuring sequences, to

initiate and conclude a measurement process and to provide data relative to

the measured roller characteristics, a computer controlled data acquisition

and control system will be provided.

The data acquisition system will determine a-ad identify all the required rol-

ler characteristics and provide:
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* A calculation capability to convert the sensor signals to roller

dimensions.

9 A classification capability to compare the calculated roller

characteristics to the required values, to retain the ordered

sequence of the rollers as they pass through the automatic gage

and to print out the results for a permanent inspection record.

e A classification control capability to activate the appropriate

accept-reject or classification alarms.

e A measurement control circuit which will act upon cycle-start

signals from the mechanical gage to initiate a measurement

sequence, which will initiate a cycle-end for the mechanical

gage when the measurement cycle is complete and will coordinate

the measurement process for all gage modules.

Radial and axial roller dimension will be taken while the roller being

inspected is revolved in the gaging module. Data from the two probes

measuring the central land position will be analyzed for the least square

fit to a polynomial. From this computation, the diameter and the location

of the roller center will be obtained for each end of the central land.

Data from the two probes measuring the crown drop will be analyzed in the

same manner and will result in the determination of the crown diameter and

centroid location.

A comparison of inspection data to fitted curves and the comparison of

various centroid locations will establish all the desired diametral roller

characteristics including: runouts (differences in fitted data to straight

lines), crown drops (differences in fitted curve mean valves), concentri-

cities (differences in mean valves at two locations), and taper (differences

in mean valves of fitted curves for central cylindrical portion).

In a similar manner the axially-oriented probes would provide all the axial

inspection data. Roller length would be established by relating mean probe

readings from each roller end to a reading established from a known calibrated

length. Runout at each roller end would be determined from the variation in

individual probe readings, while end parallelism would be calculated from the

maximum and minimum differences in the opposed probe readings.
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An additional computer function will be the calculation of roller contour

characteristics; the calculation method follows. The contour measurements,

as established by the position encoders on the gage slides and the light

emitting diodes in the line scan camera of the contour gage module, will be

analyzed by the computer to produce the roller's contour characteristics.

The procedure used for the analysis has been previously described in report

section 111-3 and Figure 15. An additional calculation will provide the

least square fit to the central straight cylindrical roller contour data.

The equation for this contour is given by y = -1 x + b which is a straight

line orthogonal to the roller end contour y = m x + b., and will permit

calculations for the radial corner breakout and the location of the central

land.

To summarize, the computer will be programmed to calculate roller contour by

establishing mathematical curves which are least square fit to the contour

data. From these curves the contour characteristics will be calculated.

Figure 39 schematically demonstrates the mathematical curves to be generated

and how these curves establish contour characteristics. On Figure 39, the

roller end contour segment is specified as y = mx + bI , the roller corner
2 2 2

contour segment as (x+b2) 2(y+b) = R , the crown contour segment as
2 2 2 - = , -

(x+b4 ) + (y+b5 ) = R1 , and the straight cyclinder contour segment as y =

- x + b6 . At each contour segment, intersection at the "x" and "y"

coordinates of the segments will be identical and their slopes (dy/dx ) will

be equal. At these boundary conditions, the individual contour segment

equations will be solved to determine the intersection coordinates; these

coordinates will in turn be used to calculate the contour characteristics.

Control of the automated roller inspection station, and analysis of each

roller is accomplished using a microprocessor based system. With the use

of an Intel Corporation 8080A based microprocessor system, all required

control functions, all data storage, and all mathematical functions and

requirements are met. Figure 40 is a block diagram of the automated roller

inspection station.

The microprocessor is an 8 bit processor with a 1.9 microsecond instruction

time, six general registers, 16 bit addressing (65 KB), and over 100 unique
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instructions. It is part of the total system which includes a dual-drive dual

density floppy disc system, 65,000 bytes of MOS memory, 120 input and output

bits for control, a camera image processor, an analog to digital converter,

and a hardware math processor. An operator's terminal is also provided for

system control and hard copy of inspection results.

Processor

The processor used in the system is the Intel 80/20 single board computer.

The heart of this processor is the Intel 8080A single chip microprocessor.

It is a complete central processing unit which supports vectored interrupts,

serial I/0 Port, decimal, binary, or double precision arithmetic and over

65K bytes of memory. It has six general purpose registers and operates at

better then 2 micro seconds per instruction cycle. In addition to the 8080A

processor, the 80/20 board also includes a programmable baud rate RS 232

compatable I/0 port, two programmable 16 bit binary timers, 48 programmable

I/0 lines, and an eight level interrupt control system.

Floppy Disc System

A dual transport, dual density floppy disc system is included for program and

data storage. Each floppy disc has a half mega-byte storage capacity. Two

circuit cards are used for control of the disc transports. Up to 500,000

bits/second can be transferred on or off the IBM-compatible soft sectored

discs.

Memory

A single circuit card contains all 65K bytes of memory for the system. The

memory is constructed using MOS devices, and on-board refresh capability is

provided. Typical access time for the memory is 450 nano-seconds.

Math Processor

A high-speed hardware-based math processor is included in the system to pro-

vide a parallel processing capability during involved calculations. The

Intel 310 Processor is contained on a single circuit card. This processor

supports 16- and 32-bit formats in fixed point operation and 32-bit formats

in floating point mode. Standard mathematic operations are supported as well
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as floating point square and square roots, compare-and-test functions, and

fixed point to floating, and floating point to fixed conversions.

A/D Converter

A high-speed analog to digital (A/D) converter is provided to interface with

the capacitance probes of Station One. The converter samples the outputs

of the probe amplifiers and generates a double precision digital word for the

processor's use. It is a 12-bit converter with 16 multiplexed input channels,

jumper qelectable input ranges, programmable gain, 100 meg-ohm input impedance,

and is contaned on a single circuit card compatible with the Intel Data Bus.

I/O Board

Discrete control lines for system functions are provided via an I/O Interface

Board. Seventy-two control lines are provided on a dedicated board, and an

additional 48 are provided on the CPU board for a system total of 120 control

lines. These lines are program controlled to input or output function, and

may also be jumpered on-board to function as interrupts. The bits are elec-

rically constrained to 4-bit slices and software grouped into 8-bit bytes of

input or output functions.

Camera Interface

An interface for the roller imaging camera is also used to process the camera

data. This interface, which is a Reticon 6020, accepts video data from the

camera, and digitizes the data without the need for CPU control. Two 512 byte

RAM memories are used for data storage. This memory is then considered as part

of system memory by the CPU for processing.

Operator's Terminal

The operator's terminal is a 30 character per second Dec Writter. Manufactured

by Digital Equipment Co., this terminal operates at 300 baud over an RS232

serial link. Initial system start-up and final roller analysis are done

through this terminal.

System Chassis

All the computer hardware, i.e., CPU, Memory, A/D Converter', etc., is placed

in an Intel system chassis. This chassis has an eight slot card rack, power
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supply and power control. Fans are also included to provide forced air cool-

ing. Figure 41 shows the proposed card slot allocations for the system.

System Packaging

The complete roller inspection station electronics system will be mounted in

a 60-inch cabinet. All subassemblies are standard 19-inch rack mountable

units that will go into the cabinet. The cabinet will include a rear door,

a power distribution system and an air circulation system. All cables will

exit the cabinet from the lower rear area of the cabinet.

System Operation - Station 1

Station 1 of the automated roller inspection station is used to check the

following roller characteristics:

- diameter

- length

- crown drop

- crown runout

- end parallel

- end runout

- 0. D. taper

- two-point out-of-round

After the computer system has been initialized at the system console, the

operator may place the roller to be tested into the loading position for

Station 1. A "Begin-Test" button is pushed which commences automatic operation.

A light will be illuminated to signify the station is in operation. During the

course of operation the roller being tested will be automatically moved into

position, static measurements will be made, followed by dynamic measurements

where the roller is rotated while data are gathered. Once completed, the roller

is automatically returned to the loading position, the "In-Operation" light

is extinguished and the "load/un-load" light will be illuminated. A new

roller may now be tested simply by reloading and then pressing the "Begin-Test"

button.

System Operation - Station 2

Station 2 of the automatic roller inspection station is used to check the

following roller characteristics:
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- corner breakout

- corner runout

- flat length

- flat centrality

After the roller under test has been removed from Station 1, it may be in-

serted into the loading position of Station 2. Again the Station 2 "Begin-

Test" button is depressed to begin the testing. A light is also provided

on Station 2 to indicate "In-Operation" status.

Once testing has been completed, the "In-Operation" lamp will be extinguished,

and the "Load/Un-load" light will be lit.

Following the end of testing a summary of the various roller characteristics

will be printed at the system console.

5. Environmental Considerations

Present methods of roller inspection permit the periodic cleaning of individual

rollers, particularly before making an inspection measurement. For this reason,

the cleanliness of the inspection room, although significantly better than the

normal shop area, need not be a clean area as defined by AM standards.

Hand cleaning of the rollers prior to their insertion into the gaging modules

will still be required. The development of an automatic cleaning and reoiling

system was felt to be impractical.

Vibration isolation of the complete automatic gage assembly including both

the radial/axial module and the contour module will be accomplished by pro-

viding air bag isolation mounts for the automatic gage mounting block and

stand. A large seismic mass consisting of a 1500 lb grainite surface plate

will be used to mount the gage hardware. The installation should make the

gage insensitive to all normal shop floor vibrations.
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SECTION VII

DISCUSSIONS AND RECOMMENDATIONS

The inspection data produced by the breadboard versions of the automated

roller inspection system generally indicated an acceptable level of accurac y

and repeatability when compared to similar data generated by conventional

methods. By far the most difficult dimensions to measure and the area where

more differences between the breadboard and conventional inspection rvsiIlt';

occurred fell within the high precision requirements of the radial and axial

dimensions. In all measurement categories, particularly for the absolute

dimensions of length and diameter, differences to a greater of lesser degree

exist throughout the data. Since the repeatability of the breadboard gage

was shown to be adequate, then differences from other sources must be examined.

While variations in conventional inspection data cannot be assessed, differ-

ences in the data which may originate in the breadboard gage can be and are

discussed as follows.

One important consideration in reviewing the radial/axial module data is

capacitance probe calibration. It was previously mentioned that when a flat

plate capacitor (such as a sensing probe) senses a curved surface, the

capacitor or probe integrates the separation (gap) length over the active

probe area to establish the gap dimension. The parameter used as an indica-

tion of the level of curvature effect is the ratio of the sensor sensing

tip diameter to the diameter of the target. For the 7mm diameter roller

used in this program, the miniature probe to target diameter ratio is

0.112; a large enough ratio to raise questions relative to the accuracy of

flat gage block calibrations.

The error in calibration is compounded for the probes positioned to measure

crown drop. These probes view a compound curve since they actually look at

a surface which curves in two directions.

The use of calibration cylinders would eliminate any significant calibration

accuracy questions. Several attempts to procure cylindrical gaging standard;

were made during the evaluation of the radial/axial module. The cylindrial

rolls eventually examined contained more variability than the tolerance

;evels they were intended for and were discarded. It is felt that prtp('r
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standard rollers could be selected from bearing rollers in actual producticti

which could then be certified as to dimension by the U.S. Bureau of Standard...

The fact that capacitance probes integrate over both the target area and

probe to target gap seriously affects the positioning of the probe relative

to a rapid change in roller contour such as a corner. To eliminate the

errors in measurement caused by rapid gap changes within the probes target

area, the probe must be positioned sufficiently away from such contour

discontinuties. In many instances therefore, positioning of the probes will

not be in accordance with present gaging specifications. The difference of

the probe positioning in the breadboard gage coupled with the difficulty in

establishing accurate calibrations, would explain some of the differences

noted in the data.

Additional variability between the roller inspections, performed by the

breadboard and conventional gage, could be attributed to operational

characteristics of the breadboard gage. These characteristics may have

resulted from:

" work performed on the module during the functional checks,

" possible operator error in not permitting sufficient time

for the roller to become seated in the gage or,

9 lack of cleanliness.

An additional factor affecting the radial/axial gage is that the diameter

of the sensors limits the number of probes which can be axially displaced

along a roller, while still permitting placement at satisfactory gaging

locations. The capacitance probes developed for this program are the stwllest

practical size which can be used in automatic roller gaging; they will not

be suitable for gaging rollers less than 7mm in diameter without gaging each

roller twice, once at each end.

In summary, the radial/axial gage module, while demonstrating good repeat-

ability, did not demonstrate the expected high level of agreement with

conventional gaging techniques. It is felt that these disagreements can he

attributed primarily to the following causes:
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e Calibration with parallel gaging surfaces which tended to produce

lower than actual readings on curved surfaces.

* Differences in gage point locations due to probe positioninr

requirements.

9 Slightly higher variability in the breadboard gage, particularly

with respect to axial measurements.

None of the difficulties discussed above should deter the construction of

the automated version of the gage.

The two steps that must be taken if the automated gage is to become accepted

are:

* Calibration cylinders with known and acceptable levels of accuracy

in each roller size must be used for all the dimensions to be measured

on the gage. In essence, master rollers for gage calibration will

be required.

* An acceptance modification of the "gage point" location and/or

definition must be agreed on by both the supplier and user of the

rollers to be automatically inspected.

In addition to the questions raised by the use of the miniature capacitance

probes, the repeatability of the breadboard gage, although basically as good

as conventional gaging did not always produce the same results. It is felt

that improved computer based data aquisition and calculationtechniques will

reduce the differences discussed.

The evaluation of the contour gage module showed that it produced data with

less variability than the radial/axial gage module. Not only was the

repeatability of the gage excellent, as evidenced by the standard deviationc

of less than + or - one diode count, but the individual roller inspections

were also well within acceptable levels of agreement with conventional

inspection methods.

Some variation in both the contour and corner runout data can be attributud

to the manual interpretation of gage data, both for the conventional as

well as the breadboard gage rather than by variability of the gaging procef3.

148



Some variability, however, must also be expected due to the impos.sibility

of taking a contour reading at exactly the same circumferential location

on the roller for both gaging processes. The only significant measurem-nt

difference to surface was for the corner breakout measurements taken from

the roller end location; the contour change where the corner radius inter-

sects the crown. The manual interpretation of the line scan camera data

for this measurement has a high judgment factor which can lead to the

differences shown.

The introduction of a mini-computer controlled data aquisition and inter-

pretation system to the gage module will eliminate manual data reduction

errors and improve the accuracy of the contour characteristic measurement!;.

The contour gage, like the radial/axial gage, requires some modification

to quality assurance specifications due to the manner in which the data must

be collected. As a result of the scanning process described in this report,

the location of the roller's central cylindrical section is measured from

the roller end. This is the data listed for the flat centrality measurement.

The actual length of the central flat would be obtained by performing the

end measurement from both roller ends and than subtracting the sum of these

measurements from the known roller length. The conventional flat centrality

listed in the test data was obtained by subtracting the central flat length

and one-half the flat centrality from the length of the roller. Although

the dimensions resulting from the contour module measurements provide the

same information as the conventional gage measurements, they are not obtained

in the same manner and therefore, must be subject to both supplier and user

approval.

Each of the measurement systems designed and studied as breadboard versions

of an automatic gaging system produced measurements more or less with the

accuracy requirements of high DN bearing roller tolerances. Both thle radial/

axial gaging module and the contour gage module, however, presented some

areas of disagreement with conventional gaging techniques which cannot ht

answered by this program, (particularly those areas concerned with gaging

location specifications).
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An additional aspect of the automatic inspection system design Is the ques-

tion of industry acceptance. It is quite feasible to construct an auto-

matic roller inspection system which is entirely free of operator interaction.

The problem in building such a system is that it may not be entirely prac-

tical. The introduction of new techniques to an established industry must

not only demonstrate improved performance, but must also be cost effective.

A cost effectiveness study was undertaken as part of this program as a

method of establishing the level of automation to be built into the system.

The decision regarding the complexity of the final automated gage, however,

must rely more on estimates of use, of investment cost to the user, and

limited inspection cost data rather than on actual production rates and

firm costs since no production data, inspection costs nor user's procurement

levels were made available.

In conclusion, the present cost of inspecting military aircraft turbine

engine bearing rollers is sufficiently high to warrant improving the in-

spection process. Current roller production requirements, however, along

with what has appeared in the past to be a reluctance of manufacturers to

heavily invest in new inspection equipment, precludes the construction of

the ultimate all inclusive automated roller gage at this time.

From a cost effective standpoint, therefore, the semi-automated gage presented

in this report is considered the most appropriate design. In this design,

rollers are manually loaded into a gaging module at which time the complete

gaging cycle is performed automatically. These modules are designed in a

configuration which will permit the easy addition of automatic transfer and

sorting functions should industry acceptance and revised production rate,

indicate the need for less operator intervention in the gaging process.

The results of this program have so far demonstrated both the usability of the

gaging techniques discussed and the cost effectiveness of the gage designs,

thus fully justifying the continuation of this program with the construction

.'f the computer controlled automatic gaging system presented.
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APPENDIX A

STATISTICAL EVALUATION OF COMPARABLE INSPECTION DATA
(Ref: Hays, W.L., Statistics, Holt, Rinehart and Winston, 1963)
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in order to evaluate the degree of improvement, if any obtained by one uup-

port method over another, it will be required to test statistical hypothtLi,

about differences in means of the data. Basically, if we denote mean mcauiur(.-

aents as M 1 and M 2 for two different support methods, respectively, we ar"

interested in the hypothesis that the two means are equal. Let us call this

the null hypothesis and also state the alternate hypothesis as the two m.als

not being equal. Symbolically, we have

Null Hypothesis h0  : M1 - M = 0

Alternate Hypothesis HI: M1 - M2  0

If we could conclude that the two means are indeed different at a given

"significance level" then the question of how much difference may be answered

by computing the "strength of association". We have introduced two statisti-

cal terms here. Another term which is important is "power of the test" by

which the appropriate decision about H may be reached, given a true alternate

hypothesis. HI: M 1 - M 2 = c. Before we can define all these three terms, it

will be necessary to briefly talk about the sampling distribution of means and

differences in means.

A. Sampling Distributions of Means

Tf a normally distributed population has a mean M and standard deviation 0,

then the sampling distribution of means obtained by samples of size N, follows
2a t-distribution whose variance is a/N. Thus, if we have two populations, M.,

Cl and M2' a2 and we select samples of sizes N1 and N2, then variance of the

difference in means is easily determined and the t-distribution for difference

in means is completely defined.

where

2 2
2 1 + 0 2 N2N1 + N 2 - 2

153



The degrees of freedom for the t-distribution for the difference arv given by

v - N1 + N2 - 2

The so called t-ratio for the difference is given by

(M1 - M2 ) - E (M1 -M 2 ) M 1 - M 2
°diff. adiff.

Where M represents the observed sample mean and the second equality holds

when the null hypothesis is true. It should be noted that the variance of

the sampling distribution depends on the sample size and thus by having large

samples, this could be substantially reduced. We shall get into a slight

detail about this relationship later.

B. Significance Level for a Hypothesis

Once the sampling distribution of any statistic is defined the possibilities

that the statistic lies in a certain interval may be easily computed. Let us

represent the distribution of differences in means by the solid curve in

Figure (Al). This also represents the null hypothesis Ho . The probability

that the observed absolute difference in means M1 and M2 is greater than

k dff is given by the shaded area i. The basis for either accepting or

rejecting Ho, is set by assigning the probability a. Thus, if the observed

(MI - M 2)is greater than k adiff.' then we reject H at "significance level"

of a. This is also equivalent to saying the null hypothesis is rejected with

a significance level a, when the observed statistic lies outside the cotiff-

dence band associated with the probability (1-a).

C. Power of the Taet

The power of the test is defined by the probability of correctly rejecting H0

in favor of a given true alternative H1 . Let H1 be represented by a dashed

line in Figure (42) and H is rejected when the observed difference in mean:;

Ls greater than k adiff.' then the probability 8 of error in decision given
th' true H1 is given by the shaded area under the dashed curve. Now the prob-

.bility (1-6) represents the probability of being right in rejecting I0 given

that H1 is true. This probability (1-8) is called the "power" of th.

154



HI

H0

a/2

-k 0 k

M -M2
12
cdiff.

Fig. 42 Definition of Power of a Statistic Test Given a True
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statistical test. It is clear that as the difference between H1 and H in-

creases the power approaches unity. It is easily shown that

T =T c (A-i)
8 =T/2 a diff.

where c is the difference between means given by the two hypotheses.

D. Strength of Association

If we have a large population of specimens, we sample a group of size N, sub-

ject each group to different experimental conditions given by an independent

variable X and experimentally measure a dependent variable Y, the distribution

of Y over all possible values of X is called the marginal distribution of Y.

With a specified X, we have the conditional distribution of Y. The strength

of statistical association is essentially the relative reduction in variance

of Y obtained by specifying X. Or, symbolically

2 2
2 Y a Y/X
W 2

2 2

It is clear that if X defines Y, exactly (i.e., ay/X = 0) then w is unity.

2 2 2On the other hand, when X has no control over Y (i.e., y/x = o ) w is zero.

So the value of w2 defines the strength of the association between X and Y.

2

It is quite interesting to note the significance of w in cases where we test

for differences in means of two population. In terms of the mounting block

experiments, if we argue that the strength of the relationship between the

block configuration and the measurement capability is zero, then the observed

test data will be the same by using any mounting method. Thus, the null

0 22

A rough estimate of w2 is obtained by the expression

est. 2= 2 T -I (A-2)

.T2 + N 1 + N 2 - 1
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E. Sample Size in Statistical Test

The sample size N required to estimate the means of population within ko

with a probability of at least p may be estimated directly from Tchebycle rs

inequality.

2

prob (IM-Mol ko) > 1 - 2
(ks)2

where M is the true mean.

2
For sample of size N, the variance of sampling distribution of means aM is
2o IN. Thus

2

prob (IM-Mol < k )> 1 2
N(ko)2

If we desire that prob (IM-M j < ko p, then

2
2 = p

N(ka)

or

1
N = (A-3)

(l-p) k2

As an example, let us consider that p = 95 percent then

20
N

= -

k2

Thus, if we require that the estimate of the mean be within lo with at least

95 percent probability, then N = 20, whereas if the estimate is required to be

within 0.lo with the similar confidence, then N = 2000. This simple way to

ustimate the sample size is useful in cases when we want a precise estimate

of the mean.

In hypothesis testing, however, the sample size should be related to the
2

strength of association w , the significance level for rejecting the
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hypothesis a, and the power of the test 1-8. It can be shown that given

these three parameters, the sample size N is given by

t = [Z( 1-/ 2) - z8 ] (A-4)

A

where

w
A=2

and z is the standardized normally distributed variable. As an example, let

us say a is 0.10 and we want the power to be 50 percent, which means that

there is 50 percent chance of correctly rejecting H in favor of a true H,

then z8 = 0, and Z(_/ 2) = 1.65, hence

S((1.65) l-2)

2

Thus, if we would like to detect a statistical association of say 0.05 then

N = 85.2, that means we should have a sample of at least 86 elements before

we can even have a 50 percent chance of detecting any small difference in

means of the two groups.

If N = 22, then for a = .10 and 8 = .10 we have

1.65 + 1.28A = =0.883

Vii

which gives w2 = 0.163.

This means that if we are looking for a strength of statistical association

of 0.163, then a sample of 22 specimens is enough to correctly detect the

difference in means of the two groups with a 90 percent confidence when the

null hypothesis is rejected at a = .10 in a two tailed t-test.

All of the above analysis is based on the assumption that the populations are

normally distributed and when testing hypothesis about differences in means,

the variance of the two populations are equal. It may be shown that relatively

158



large deviations from normality contribute very little errors. The assumption

of homogeneity of variance is more important. In fact, when the variances are

quite unequal, the use of different sample sizes can have serious effects on

the conclusions. So it will always be safe to select samples of equal sizes

from each population. In the case of support method evaluation the variances

are not largely different, so the conclusions may not be in a substantial

error. To be more exact, it will be required to perform a test for homogeneity

of variance before performing a t-test.

In the relation between sample size and statistical associaiion, a normal dis-

tribution is used instead of the t-distribution. This is done to avoid mathe-

matical complications and to "guess" a smallest possible sample size required.

In practice the sample must be somewhat larger than the size determined.
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APPENDIX B

AUTOMATED ROLLER INSPECTION DEMONSTRATION TEST PLAN
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AUTOMATED ROLLER INSPECTION DEMONSTRATION TEST PLAN

CONTRACT F33615-77-C-3142

MTI PROJECT 48806

1.0 PURPOSE

The purpose of the test plan is to provide a logical sequence of action items

necessary to demonstrate the ability of the breadboard roller inspection

modules to adequately inspect aircraft turbine engine quality bearing rollers.

2.0 INTRODUCTION

The test plan is divided into two sub tasks, one sub task will be a functional

evaluation of the breadboard gage modules in which the performance of each

module will be evaluated with respect to roller handling and manipulation.

All the necessary sensors will be activated during this task and data will

be recorded, however, an evaluation of accuracy will be made only to the

extent that proper roller manipulation within each gage module can be

determined.

The second sub task within the test program will be the evaluation of each

breadboard gage module's accuracy and repeatability. In this sub task an

individual roller will be inspected for all characteristics listed in Table

1 at least 100 times. From these data the repeatability of the gage will

be evaluated by statistically comparing the results with similar data taken

by presently used roller manufacturers' gaging methods. A second evaluation

test within this subtask will consist of measuring a population of 25

identified rollers and comparing these measurements with the same measure-

ments taken on the same rollers but with the use of present inspection equip-

ment. It is understood that one roller design to be inspected will be the

16 x 16 mm roller used in the #4 bearing position of the F-1O0 engine. A

aecond smaller roller of a size mutually agreed to by MTI and the Air Force

will also be inspected.

3.0 FUNCTIONAL TESTS

The function test sequence will be performed to ascertain the following:
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I. Ability of radial gage to determine

a. Diameter

b. Runout (cylindrical)

c. Crown Drop

d. Runout (crowd)

e. Flat Length Taper

2. Ability of Axial Cage to Determine

a. Length

b. End Parallel

c. End Squareness

3. Ability of Contour Gage to Determine

a. Corner Breakout

b. Corner Runout

c. Flat Length

d. Flat Centrality

An individual roller will be inserted into each gage module and a normal

gaging cycle initiated. The roller will be dithered in the gaging fixture

to assure proper seating after which a complete gaging sequence will be

performed. Measurement accuracy will not be attempted at this time but the

breadboard model's ability to properly handle the rollers and the techniques

of measurement data reduction will be examined.

The following gage functions will be evaluated during the functional tests.

" Axial clamping requirements of roller in fixture

" Ability to rotate a roller in fixture

" Slide and roller indexing

* Prism alignment

" Line scan camera alignment and focus

Correction of any deficiencies discovered during the functional test sequence

will be implemented prior to initiation of the accuracy and repeatability test

sequence.
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4.0 ACCURACY AND REPEATABILITY TEST

4.1 Repeatability test will be performed by obtaining 100 readings for

each roller characteristic listed in Table 1. The tests will be

conducted using a 16 mm roller and will be performed on both the

current industry employed instruments and on the breadboard gage

modules. A statistical analysis will be performed on the resulting

data to determine whether a significant difference exists between

the means of the two sets of data.

4.2 Accuracy tests will be conducted on two roller populations consisting

of 25 15 mm x 16 mm rollers and 25 additional rollers of a size

mutually agreeable to by MTI and the Air Force PCO. The two roller

populations will be inspected by conventional means and by using

breadboard gage modules. A statistical analysis will be performed

on the test results to determine whether the breadboard gage modules

duplicate the results of the conventional gaging techniques.
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TABLE 1

ROLLER CHARACTERISTICS TO BE MEASURED

Diameter

Length

Crown Drop

Crown Runout

End Parallel

End Runout

Corner Breakout

Corner Runout

Flat Length

Flat Centrality

0. D. Taper
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APPENDIX C

CALCULATION OF ERROR FOR STANDARD CIRCULAR
PROBE USED WITH & CYLINDRICAL SURFACE
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Assume that a flat probe of effective radius r is facing a cylindrical sirface
of radius R as illustrated in fig. 43. An end view of the inncr electrode of the

probe is shown in fig. 43 (a) and a plan view showing the gap between the proL.
electrode and the cylindrical surface is given in fig. 43 (b).

Assuming that the electric field in the gap between the probe electrode and
the curved surface is uniform and parallel, the capacity due to the elemental strip,
shaded in fig.43(a), is given by:

dC = mlIdx . ......................... (i)

y

Where m = a constant
ldx = area of the strip.

y = distance from strip to curved surface (a function of x)

Changing the variable from x to 0 gives:

1 = Z r cose )
x = r sin e ......................... (Z)
dx = r cos OdO )

Thus dC = m Zr 2 cos 28d0 ..................... (3)

y

Integrating equation (3) between the limits 6 = 0 and 0 = Tr/2 will give half
the total capacitance between the probe and the curved surface, i. e. the
capacitance C is given by:

C = 2m 2r2 cos 2 0 d 0

y

= 4mr 25n/2 cos 2 d (
0 ............. (4)
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When the radius R tends to infinity, i. e. when the surface to be
measured becomes parallel to the probe surface, y is a constant equal to the
fixed distance a. The capacitance Co between the probe and the surface under
these conditions is given by:

C o = 4 mr2 W/ 2o cos? 0 d 0

a

2
i . e . C o = m r 5i~e.C 0  irr................................ (5)

a

In this case the calibrations are correct.

16
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Fig. 43 Probe to Target Geometry
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APPENDIX D

RADIAL/AXIAL MODULE AUTOMATED ROLLER INSPECTION PROTOTYPE
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